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XII 


PART  I;  INTRODUCTION 


Background 


1.1.  Many  of  the  locks  and  dams  on  the  nation’s  waterway  systems  are  nearing  or 
have  exceeded  the  "design  life"  envisioned  at  the  timpi  of  their  construction.  Major 
rehabilitation  or  replacement  projects  have  been  undertaken  at  several  locations;  however  the 
system  as  a  whole  continues  to  age  and  will  require  continuing  expenditures  to  maintain  its 
serviceability  and  operational  adequacy  at  current  levels.  In  a  recent  article  in  Civil 
Engineering  magazine,  Tamcone  (1991)  noted  that  navigation  locks  on  the  inland  waterway 
system: 

..jrange  in  age  from  less  than  three  to  151  years  old.  The  median  age  for  all 
chamber  is  37  years,  but  over  40%  are  more  than  50  years  old  -  the  danger  zone  for 
design  life.  Another  problem  is  that  locks  on  any  given  waterway  tend  to  be  from  the 
same  era." 

The  same  article  notes  that  funding  for  major  rehabilitation  projects  comes  from  both  federal 
appropriations  and  the  Waterway  Trust  Fund,  which  receives  money  from  fuel  taxes  paid  by 
barge  operators.  Nevertheless,  anticipated  funds  are  only  sufficient  to  fund  four  to  six  major 
rehabilitation  projects  per  decade,  fewer  than  the  number  justified  by  condition  of  the 
structures.  CHven  these  circumstances,  expenditures  for  rehabilitation  of  navigation  structures 
must  be  prioritized  in  order  to  reap  the  greatest  benefits  (or  avoid  the  most  unsatisfactory 
consequences)  to  the  waterway  system. 

1.2.  A  number  of  factors  must  be  considered  when  prioritizing  expenditures  for 
rehabilitation.  Projects  can  be  ranked  on  the  basis  of  traffic  volume,  delay  time  and  system 
throughput  Likewise,  projects  can  be  ranked  on  structural  condition.  Prioritization  based  on 
traffic  considerations  is  accomplished  by  Corps  plarmers  using  the  performance  moititoring 
system  (PMS)  and  other  tools;  the  study  summarized  herein  was  concerned  with  the 
development  of  techiuques  suitable  for  prioritizing  investments  need  based  on  current  and 
anticipated  stmctural  reliability. 
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Problem  Statement 


1.3.  Hie  objective  of  this  research  effort  was  to  develop  practical  methods  to  quantify 
the  reliability  of  gravity  monolith  at  navigation  structures  for  various  modes  of  performance. 
The  results  obtained  firom  these  methods  are  intended  to  be  sufficiently  accurate  and  consis¬ 
tent  to  be  suitable  for  use  in  prioritizing  structural  rehabilitation  investments.  Hie  developed 
methodology  is  drawn  firom  the  engineering  reliability  literature  and  adapted  to  the  specific 
characteristics  of  navigational  structures. 

1.4.  Traditionally,  evaluations  of  structural  adequacy  have  been  expressed  by  facKirs 
of  safety.  Although  the  factor  of  safety  may  be  defined  differently  for  various  modes  of 
performance,  it  can  always  be  expressed  as  the  ratio  of  some  measure  of  capacity  to  some 
measure  of  demand.  Although  the  factor  of  safety  concept  results  in  safe  designs,  it  has 
certain  shortcomings  for  comparing  the  relative  reliability  of  different  structures  or 
components  for  different  performance  modes.  A  primary  deficiency  is  that  parameters 
(material  properties,  strengths,  loads,  etc.)  must  be  represented  by  precise  values  when  the 
appropriate  values  may  in  fact  be  uncertain.  Thus,  the  calculated  facter  of  safety  reflects  both 
the  condition  of  the  structure  as  well  as  the  engineer’s  judgment  and  degree  of  conservatism 
in  assigning  parameter  values. 

1.5.  The  use  of  precisely-defined  single  values  in  analysis  is  referred  to  as  the 
detemdnistic  approach.  In  this  report,  it  is  proposed  that  the  use  of  the  probabilistic  approach 
will  provide  a  more  consistent  basis  for  ranking  structural  reUabUity.  The  probabilistic 
approach  extends  the  factor  of  safety  concept  to  explicitly  incorporate  uncertainty  regarding 
the  parameter  values.  Uncertainty  can  be  quantified  from  statistical  analysis  of  data  or 
judgntentaUy  assigned.  Even  when  judgmentally  assigned,  the  results  of  a  probabilistic 
analysis  will  be  more  meaningful  than  for  deterministic  analysis  because  a  measure  of  the 
certainty  of  the  engineer’s  judgment  is  explicitly  incorporated. 
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Scope  of  this  Report 


1.6.  This  report  includes  several  major  components.  Part  n  provides  a  brief  summary 
of  previous  and  currendy  evolving  applications  of  reliability  theory,  such  as  the  use  of 
reliability  analysis  to  evaluate  bridges  (a  concern  similar  in  some  respects  to  locks  and  dams) 
and  as  the  basis  for  steel  design  codes.  Part  HI  provides  a  brief  review  of  the  mathftma^rpi 
basis  of  reliability  analysis  with  a  view  toward  practical  application  to  Corps  stractures.  In 
Parts  IV  through  XHI,  detailed  summaries  are  provided  of  sliding,  overturning,  and  bearing 
analysis  for  selected  gravity  monoliths  from  a  number  of  locks  and  dams,  primarily  on  the 
Lower  Monongahela  River  in  Pennsylvania.  These  problems  were  selected  to  illustrate  a 
variety  of  conditions  including  new  and  old  structures,  anchored  monoliths,  and  various 
quantities  of  available  data.  Finally,  in  Part  XTV,  findings  are  summarized  and  critically 
reviewed,  conclusions  are  drawn,  and  recommendation  mada  for  further  research. 
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PART  H:  APPUCATIONS  OF  REUABEJTY-BASED  ENGINEERING  ANALYSIS 


A  Brief  History 

2.1.  The  concept  of  a  probabilistic  approach  to  engineering  analysis  and  design 
dates  back  to  the  1940’s.  Freudenthal  (1947)  noted  that  uncertainties  exist  in  civil 
engineering  analysis  and  design  and  cited  uncertainty  of  loading,  imperfection  of 
manufactured  products,  imperfection  of  intellectual  concept,  as  well  as  the  imperfection 
of  human  observations  and  actions.  Fruedenthal  proposed  the  development  of  a  rational 
method  to  evaluate  the  safety  of  structures;  that  is,  applying  statistical  concepts  in 
structural  design  and  analysis.  Although  these  ideas  did  not  see  application  in  practice 
until  about  30  years  later,  his  paper  was  a  landmark  in  the  application  of  probability 
theory  in  civil  engineering. 

22.  A  second  paper  by  Freudenthal  (1956)  considered  the  application  of 
probability  theory  to  load  analysis,  structural  analysis  and  the  definition  of  failure.  The 
idea  of  "margin  of  safety"  or  safety  margin  (as  the  difference  between  resistance  and 
load)  was  presented  and  the  distribution  of  these  variables  (load  and  resistance)  was 
considered.  A  third  paper  by  Freudenthal  (1961)  emphasized  rehability  in  conjunction 
with  the  safety  factor.  Once  again,  different  probability  distributions  were  considered, 
such  as  the  normal,  lognormal  distribution,  WeibuU,  and  Frechet  distributions.  Also,  the 
reliability  for  a  structural  system  with  more  than  one  component  was  studied. 

2.3.  In  1966,  Freudenthal,  Garrelts  and  Shinozuka  (1966)  published  the  final 
report  of  the  ASCE  Task  Committee  on  Factors  of  Safety,  ASCE.  The  main  purpose  of 
this  report  was  try  to  develop  "a  widespread  interest  in  the  topic  and  motivate  additional 
engineers  to  study  the  problem  of  developing  a  rational  procedure  for  determining  the  factor 
of  safety  of  structures'  and  "provide  ffddance  by  suggesting  and  illustrating  techniques  that 
may  be  of  considerable  value  in  studying  certain  phases  of  the  safety  (reliability)  problem". 

2.4.  In  the  1970’s  and  1980’s  a  number  of  important  reference  books  were 
published  emphasizing  the  application  of  probabilistic  methods  to  civil  engineering 
analysis  and  design.  Notable  among  these  are  works  by  Benjamin  and  Cornell  (1970), 
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Ang  and  Tang  (1975,  1984),  and  Harr  (1987).  These  works  provide  extensive  discussion 
of  probability  theory,  distributions,  moments,  functions  of  random  variables  and  related 
topics  in  a  civil  engineering  framework  and  should  be  consulted  for  a  more  complete 
treatment  of  the  material  sununarized  in  Part  HI. 

Application  in  Structural  Design  Codes 

2.5.  The  recently  implemented  Load  and  Resistance  Factor  Design  (LRFD) 
method  for  structural  steel  design  has  its  basis  in  reliability  theory  and  is  summarized  in 
a  number  of  papers  by  Galambos,  Ellingwood  and  their  colleagues,  (e.g.,  Ellingwood,  et 
al.,  1980).  In  the  LRFD  method,  various  loads  on  structures  and  the  resistance  of 
structural  members  are  factored  separately  in  order  to  obtain  a  design.  The  magnitude 
of  these  factors  depends  on  the  degree  of  uncertainty  and  is  different  for  dead  loads  and 
various  types  of  live  loads.  Although  the  procedure  can  be  implemented  by  merely  using 
tabulated  loads  and  resistance  factors,  the  result  is  to  design  structural  components  for  a 
consistent  reliability  index  even  where  the  ratio  of  dead  loads  to  live  loads  may  differ. 

Application  in  Bridge  Evaluation 

2.6.  Concerns  with  prioritizing  rehabilitation  or  replacement  of  highway  bridges 
are  similar  to  the  concerns  with  navigation  structures;  needs  exceed  available  funds  and 
a  consistent  basis  of  prioritization  is  desired.  A  number  of  studies  have  been  directed 
toward  the  use  of  probabilistic  methods  to  prioritize  the  maintenance  and  rehabilitation 
of  bridges.  One  such  study,  performed  for  the  National  Cooperative  Highway  Research 
Program  by  Moses  and  Verma  (1987)  provides  a  comprehensive  example  of  the  method¬ 
ology  coming  into  practice.  Similar  to  LRFD  design  method  and  the  method  proposed 
herein,  the  basis  of  the  techniques  is  the  concept  that  load  and  resistance  are  random 
variables  and  that  reliability  can  be  measured  in  term  of  the  reliabUity  index  (defined  and 
discussed  in  paragraph  3.33  of  this  report).  The  report  by  Moses  and  Verma  describes 
how  the  procedure  was  "calibrated"  by  determining  the  reliability  index  values  associated 
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with  existing  structures,  how  these  were  used  to  develop  recommended  "target"  values, 
and  how  load  and  resistance  factors  were  set  to  provide  consistent  reliability  values. 

Some  Previous  Applications  to  Corps  of  Engineer’s  Projects 

2.7.  Several  previous  studies  have  used  probabilistic  methods  to  evaluate  Corps  of 
Engineers  structures.  For  the  most  part,  these  have  been  directed  at  very  specific 
structures  and  concerns  and  hence  were  not  performed  with  the  intent  of  developing 
general  methods  for  prioritizing  repair  and  rehabilitation  of  different  structures.  Some 
of  these  previous  studies  are  summarized  in  the  following  paragraphs. 

2.8.  Woodward  Clyde  Consultants  (1981),  investigated  the  reliability  of  several 
geotechnical  components  of  Clarence  Cannon  Dam  in  the  northeast  Missouri  for  the  St. 
Louis  District.  These  components  included  a  shale-founded  concrete  monolith,  a  section 
of  the  earth  embankment,  a  rockfiU  end-cone  section,  and  seepage  conditions  in  the 
abutment.  Results  were  expressed  as  probabilities  of  failure  and  probabilities  of  not 
meeting  certain  performance  criteria.  Calculated  probabilities  of  failure  were  typically 
less  than  10'^  indicating  a  high  reliability. 

Wolff  (1985)  and  Wolff  and  Harr  (1987),  applied  probabilistic  methods  to 
slope  stability  analysis  of  earth  dams.  Extensive  example  analyses  were  performed  for 
Clarence  Cannon  Dam.  It  was  shown  that  the  probability  of  failure  may  vary  by  many 
orders  of  magnitude  for  various  loading  conditions  such  as  end-of-construction,  steady 
seepage,  partial  pool,  etc.,  even  though  factors  of  safety  may  be  similar.  The  differences 
in  the  probability  of  failure  were  attributed  to  different  levels  of  uncertainty  inherent  in 
the  strength  representations  (i.e.,  drained  or  undrained)  used  for  various  cases. 

2.10.  Wolff  (1985,  1991)  assessed  changes  in  factor  of  safety  and  probability  of 
failure  following  the  repair  of  an  earth  slide  failure  using  a  rock  berm  at  Shelbyville 
Dam  in  central  Illinois.  It  was  demonstrated  that  minor  increases  in  factor  of  safety  may 
in  some  cases  equate  to  a  reduction  in  the  probability  of  failure  by  several  orders  of 
magnitude. 

2.11.  Wolff,  et  al.,  (1988)  reported  on  a  probabilistic  analysis  of  the  likelihood  of 
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pool  release  due  to  earthquake-induced  foundation  liquefaction  at  Wappapello  Dam  in 
southeastern  Missouri  near  the  New  Madrid  seismic  zone.  The  dam  is  a  flood  control 
dam  for  which  the  pool  is  often  as  much  as  59  ft  below  the  spillway.  It  was  shown  that 
the  probability  of  the  joint  occurrence  of  an  earthquake-induced  embankment  failure  and 
a  sufficiently-high  pool  to  overtop  the  remnant  embankment  was  several  orders  of 
magnitude  lower  than  the  probability  of  occurrence  of  the  individual  component  events. 
Based  on  the  low  joint  probability  of  pool  release,  no  remedial  action  was  undertaken  by 
the  St.  Louis  District. 

2.12.  McCann  and  Boissonade  (1987)  prepared  a  relatively  comprehensive 
reliability  analysis  for  Emsworth  Lock  and  Dam  on  the  Ohio  River  in  the  Pittsburgh 
District.  The  focus  of  the  study  was  the  assessment  of  the  frequency  of  lock  closure  and 
probability  of  loss  of  pool  on  an  annual  basis.  This  in  turn  was  developed  from  probabil¬ 
istic  assessment  of  individual  components  and  events.  The  reliability  of  gravity  structures 
was  expressed  by  probability  of  failure  values.  However,  the  characterization  of  the 
underlying  random  variables  was  very  judgmental. 

2.13.  A  current  research  effort  within  the  Corps  of  Engineers  is  the  development 
of  Load  and  Resistance  Factor  Design  (DRFD)  criteria  for  hydraulic  structures.  This 
effort  is  aimed  at  developing  a  design  method  similar  to  the  AISC  LRFD  design  code, 
but  with  load  and  resistance  factors  specifically  chosen  to  meet  the  unique  characteristics 
for  strucmres  such  as  miter  gates,  tainter  gates,  etc. 
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PART  m:  BASIC  PRINCIPLES 


Basis  of  Reliability  Analysis 

3-1-  Random  Variables.  In  the  probabilistic  approach  to  analysis  anH  design, 
loads,  material  properties  and  parameters  are  taken  as  random  variables.  Instead  being 
assigned  precise  single  values,  random  variables  assume  a  range  of  values  in  accordance 
with  z  probability  density  function  or  probability  distribution.  Although  the  value  of  a 
random  variable  is  uncertain,  the  probability  density  function  quantifies  the  likelihood 
that  its  value  lies  in  any  given  interval.  Figure  3.1(a)  illustrates  some  probability  density 
functions  for  random  variables  such  as  0’soj„  tan  0’base>  Yconciete  that  may  occur  in  a 
sliding  analysis.  As  illustrated  in  figure  3.1  (b),  when  parameters  are  defined  as  random 
variables,  functions  of  these  parameters  are  also  random  variables  and  ran  be  repre¬ 
sented  as  probability  density  functions.  In  the  case  of  sliding  the  capacity,  C,  (or  shear 
resistance),  may  be  a  function  of  several  random  variables  including  tan  0base  Veoncrete* 
The  net  force  causing  shear  or  demand,  D,  may  be  a  function  of  several  random 
variables  including  and  Ys^u. 

3-2.  Probability  of  Failure.  Limit  State,  and  Safety  Margin.  In  its  basic  develop¬ 
ment,  engineering  reliability  analysis  seeks  to  find  the  probability  of  failure,  Pr(f),  defined 
as  the  probability  that  the  value  of  some  function  characterizing  the  performance  of  the 
system  {the  performance  function)  exceeds  some  limit  state.  The  reliability,  R,  is  the 
probability  that  the  limit  state  will  not  be  achieved  or  crossed.  As  the  s>^tem  must  either 
be  reliable  or  must  fail,  the  reliability  and  probability  of  failure  sum  to  unity;  thus: 

R  =  1  -  Pr(f). 


The  lumt  state  for  sliding  of  a  monolith  could  be  taken  as  the  event  that  the  forces 
resisting  sliding  equal  the  forces  causing  sliding.  The  probability  of  failure  would  be  then 
be  the  probability  that  the  sum  of  the  forces  causing  sliding  exceed  the  sum  of  the  forces 
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resisting  sliding.  Generalizing  these  two  sets  of  forces  as  capacity  and  demand,  C  and  D, 
a  new  random  variable,  the  safety  margin  S,  can  be  defined  as  the  difference  between  the 
capacity  and  demand,  or  between  resistance  and  load.  The  probability  of  failure  would 
then  be: 

Pr(f)  =  Pr(S  <  0)  =  Pr[(C-D)  <  0] 

As  shown  in  figure  3.1(c),  the  probability  of  failure  is  the  area  of  the  probability  density 
function  for  the  safety  margin  where  S  <  0. 

Bcliability  Index.  The  reliability  index  is  an  alternative  quantification  of 
reliability  commonly  preferred  over  the  probabiUty  of  failure.  The  exact  shape  of  the 
density  functions  for  capacity  and  demand  are  usually  not  known.  Even  if  known,  the 
mathematics  required  to  obtain  the  exact  density  function  for  the  safety  Tnargin  ran  be 
extremely  complex.  Thus,  the  results  of  probabilistic  analyses  are  commonly  expressed 
as  a  reliability  index,  denoted  as  ^  (beta).  As  shown  in  figure  3.1  (c),  in  its  simplest  form 
the  reliability  index  is  a  measure  of  how  much  the  expected  value  (average  value)  of  the 
safety  margin  exceeds  the  limit  state,  measured  in  standard  deviations  of  the  safety 
margin.  A  ^  value  of  3.0  implies  that  the  expected  condition  or  expected  value  of  the 
performance  function  lies  three  standard  deviations  firom  the  limit  state.  Expressing 
reliability  in  terms  of  the  reliability  index  rather  than  an  actual  probability  value  is  pre¬ 
ferred  for  several  reasons: 


1.  The  reliability  index  can  be  calculated  without  knowing  the  actual  distributions 
of  the  random  variables;  using  the  first-order  second-moment  (FOSM)  approach, 
only  the  means,  standard  deviations  and  correlation  coefficients  of  the  random 
variables  are  required. 

2.  The  physical  significance  of  the  "probability  of  failure"  is  difficult  Hx  compre¬ 
hend  for  unique  strucmres  and  components.  For  recurring  events  and  replicate 
components  (such  as  failure  of  mechanical  parts  or  electric  power),  the  probability 
of  failme  has  a  measurable  frequency  basis;  this  is  not  the  case  for  rare  or  non¬ 
recurring  events  and  unique  components  such  as  .sliding  of  a  gravity  monolith. 
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3.  In  the  context  of  this  study,  navigation  structures  operated  by  the  Corps  of 
Engineers  are  not  expected  to  fail  due  to  foreseeable  rare  events  for  which 
observations  and  analyses  can  be  made;  inevitably  some  remedial  action  wiU  be 
undertaken  before  the  reliability  drops  below  some  tolerable  value. 

Accordingly,  the  methods  developed  are  directed  toward  the  calculation  of  a  reliability 
index,  p.  However,  as  will  be  discussed  in  section  3.34,  an  alternative  definition  of  the 
reliability  index  based  on  the  lognormal  distribution  will  be  used,  and  still  other  defini¬ 
tions  exist.  The  lognormal  definition  is  consistent  with  recent  trends  in  structural 
engineering. 

3.4.  Accuracy  of  Calculated  Reliability  Indices.  The  methods  developed  herein 
for  obtaining  a  reliability  index  are  intended  to  be  sufficiently  accurate  for  ranking  the 
relative  reliability  of  various  navigation  structures  and  components;  they  should  not  be 
used  to  make  direct  comparisons  with  other  published  values  such  as  those  for  a  bridge 
or  building  member.  Undoubtedly,  more  experience  analyzing  navigation  structures  will 
lead  to  refinement  of  these  techniques.  Nevertheless,  navigation  structures,  components 
and  performance  modes  with  higher  reliability  indices  should  be  considered  more 
reliable  than  those  with  lower  indices. 


Steps  in  an  Analysis 


3.5.  Reliability  analysis  for  a  typical  mode  of  performance  (e.g.  sliding)  includes 
the  following  steps: 


(1)  The  variables  to  be  taken  as  random  variables  are  identified  and  character¬ 
ized  by  statistical  parameters  or  moments  such  as  their  means,  standard  devia¬ 
tions,  and  correlation  coefficients. 

(2)  A  performance  function  and  limit  state  are  identified  for  the  mode  of 
performance  being  assessed.  For  example,  the  performance  function  for  sliding 
could  be  taken  as  the  ratio  of  resistance  to  drive  (the  factor  of  safety);  in  this  case 
the  limit  state  would  be  a  value  of  one. 

(3)  The  mean  and  standard  deviation  of  the  performance  function  are  calculated. 
In  concept,  this  involves  integrating  the  performance  function  over  the  probability 
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density  fiinctions  of  the  random  variables.  In  practice,  approximate  values  are 
calculated  using  the  mean,  standard  deviation,  and  correlation  coefficients  of  the 
random  variables. 

(4)  The  reliability  index,  /S,  is  calculated  as  a  function  of  the  mean  and  standard 
deviation  of  the  performance  function. 

These  steps  and  the  related  mathematics  are  described  in  the  following  sections. 


Selection  of  Random  Variables 


3.6.  In  concept,  virtually  every  variable  in  an  analysis  is  random  as  most  properties 
and  parameters  have  some  inherent  variability  and  uncertainty.  However,  the  uncertain¬ 
ty  associated  with  a  few  random  variables  will  usually  dominate  the  analysis.  As  the 
number  of  required  calculations  increases  with  the  number  of  random  variables, 
including  insignificant  random  variables  may  uimecessarily  complicate  calculations 
without  a  sigmficant  effect  on  the  results.  When  in  doubt,  a  few  analyses  with  the 
additional  random  variables  will  quickly  illustrate  which  random  variables  are  significant. 
For  reliability  analysis  of  navigation  structures,  significant  random  variables  typically 
include  material  strengths  and  the  magmtudes  and  locations  of  loads.  Material  proper¬ 
ties  such  as  concrete  and  soil  density  may  be  significant,  but  where  strength  and  density 
both  appear  in  an  analysis,  strength  may  dominate.  An  example  of  a  variable  that  can 
be  represented  detenmnistically  (non-random)  is  the  density  of  water;  variables  such  as 
structure  geometry  can  usually  be  taken  as  deterministic.  To  quantify  random  variables 
for  use  in  analysis,  one  must  calculate  or  estimate  their  expected  value  (mean)  and 
standard  deviation.  For  random  variables  which  are  not  independent  of  each  other,  but 
tend  to  vary  together,  correlation  coefficients  must  also  be  assigned. 


Moments  of  Random  Variables 


3.7.  Although  random  variables  are  in  fact  functions,  probabilistic  moments 
provide  a  convenient  means  to  quantify  them.  Probabilistic  moments  are  explained  in 


detail  in  numerous  probability  and  statistics  texts  (e.g.,  Benjamin  and  Cornell,  1970, 
Harr,  1987).  Their  definitions  are  summarized  below  for  convenience. 

3.8.  Mean.  TTie  mean  value,  of  a  set  of  measured  values  for  the  random 
variable  X  is; 


where  N  is  the  number  of  measurements  or  values  for  X.  The  mean  is  the  same  as  the 
arithmetic  average. 

3.9.  Expected  Value.  The  expected  value,  E[X],  of  a  random  variable  is  the  mean 
value  one  would  obtain  if  aU  possible  values  of  the  random  variable  were  considered. 
Where  a  mean  can  be  calculated,  the  mean  provides  an  unbiased  estimate  of  the 
expected  value  and  they  are  numerically  the  same.  Thus, 

E[X]  =  \ix  =  fx  fU)  dx  =  Ex^piXi) 

where  f(X)  is  the  probability  density  function  of  X  and  p(Xi)  is  the  probability  of  the 
value  Xj.  The  integral  representation  holds  for  both  continuous  and  discrete  random 
variables;  the  summation  form  is  equivalent  for  discrete  random  variables.  Although 
numerically  equivalent,  the  expected  value  has  a  broader  definition  than  the  mean;  if 
data  are  not  available,  an  expected  value  can  be  assigned  based  on  judgment  and 
experience  from  similar  problems.  In  probability  theory,  the  mean  or  expected  value  is 
termed  the  first  moment  with  respect  to  the  origin;  it  corresponds  to  the  centroid  of  a 
probability  density  function  or  distribution  and  is  analogous  to  the  centriod  of  a  section 
in  mechanics. 

3.10.  Variance.  The  variance,  Var[X],  of  a  set  of  measurements  of  the  random 
variable  X  is  obtained  by  finding  the  expected  value  of  the  square  of  the  difrerences 
between  the  data  values  and  the  mean: 
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Vaz  [X] 


E[ix-\Xj^)^]  =  Ju-iix)^f(X)dX 


LKX.-vlx)^] 

N 


The  summation  form  above  involving  the  Xj  term  provides  the  variance  of  a  sample  or 
population  containing  exactly  N  elements.  Usually,  a  sample  of  size  N  is  used  to  obtain 
an  estimate  of  the  variance  of  the  associated  random  variable  which  represents  an  entire 
(infinite)  population.  To  obtain  an  unbiased  estimate,  the  N  is  replaced  by  N-1: 

Var[Z]  =  — 

N-1 


The  above  equation  has  two  important  implications:  the  unbiased  estimate  of  the 
variance  of  a  population  is  always  greater  than  the  variance  of  a  sample  drawn  from  that 
population  and  the  difference  between  the  two  variables  decreases  with  increasing 
sample  size.  The  variance  is  termed  the  second  central  moment;  second  because  of  the 
exponent  "2"  and  central  because  differences  are  measured  from  the  mean  rather  than 
the  origin.  The  variance  in  probability  theory  is  analogous  to  the  central  moment  of 
inertia  in  mechanics. 

3-1 1-  Standard  Deviation.  To  express  the  scatter  of  a  random  variable  in  the 
units  as  the  random  variable  itself,  the  standard  deviation  is  taken  as  the  square  root  of 
the  variance;  thus: 


Ox  =  y/ Vaz  LX} 


The  standard  deviation  in  probability  theory  is  analogous  to  the  radius  of  gyration  in 
mechanics. 

CO-Sfficient  of  Variation.  To  provide  a  convenient  dimensionless  expression 
of  the  uncertainty  inherent  in  a  random  variable  the  standard  deviation  is  divided  by  the 
expected  value  to  obtain  the  coefficient  of  variation,  usually  expressed  as  a  percent: 


= 


E{X} 


X  100% 


The  expected  value,  standard  deviation  and  coefficient  of  variation  are  interdependent: 
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knowing  any  two,  the  third  is  known.  In  civil  engineering  reliability  applications  where 
insufficient  data  are  available  to  accurately  calculate  moments,  the  coefficient  of 
variation  is  often  estimated  as  a  convenient  roimd  number  based  on  experience  from 
other  published  data  or  similar  problems, 

3.13.  Covariance  and  Correlation  Coefficient.  Pairs  of  random  variables  may  be 
correlated  or  independent;  if  correlated,  the  likelihood  of  a  certain  value  of  the  random 
variable  Y  depends  on  the  value  of  the  random  variable  X.  For  example,  the  strength  of 
sand  may  be  correlated  with  density  or  the  lower  pool  level  at  a  dam  may  be  correlated 
with  the  upper  pool  level.  The  covariance  is  analogous  to  the  variance  but  measures  the 
combined  effect  of  how  two  variables  vary  together: 

Cov[X,y]  =  E[U-|a^)  (r-^y)] 


covlx,  y]  =  (Y-iiy)  fix,  y)  drdx 


co^rlx.n  = 


In  the  above  equations,  f  (X,Y)  is  the  joint  probability  density  function  of  the  random 
variables  X  and  Y.  To  provide  a  non-dimensional  measure  of  the  degree  of  correlation 
between  X  and  Y,  the  correlation  confident,  Px,y>  is  obtained  by  dividing  the  covariance 
by  the  product  of  the  standard  deviations: 


Px.Y  ~ 


Cov[X,  Y\ 


The  correlation  coefficient  may  assume  values  from  -1.0  to  + 1.0.  A  value  of  1.0  or  -1.0 
indicates  there  is  perfect  linear  correlation;  given  a  value  of  X,  the  value  of  Y  is  known 
and  hence  is  not  random.  A  value  of  zero  indicates  no  linear  correlation  between 
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variables.  A  positive  value  indicates  the  variables  increase  and  decrease  together;  a 
negative  value  indicates  that  one  variable  decreases  as  the  other  increases.  Pairs  of 
independent  random  variables  have  zero  correlation  coefficients. 

3-14.  Higher  moments.  The  third  central  moment  is  the  expected  value  of  the 
cubes  of  the  differences  between  measured  values  and  the  mean  value.  When  divided  by 
the  standard  deviation  raised  to  the  three-halves  power,  the  result  is  the  coefficient  of 
skewness,  a  measure  of  the  asymmetry  of  a  probability  density  function.  For  symmetrical 
density  functions,  the  skewness  coefficient  is  zero.  The  fourth  central  moment  and 
associated  coefficient  of  kurtosis  provide  a  measure  of  the  peakedness  or  flatness  of  a 
probability  density  function.  The  techniques  developed  in  this  report  for  reliability 
analysis  of  navigation  stmcmres  depend  only  on  the  first  two  moments  and  assume  that 
the  values  of  higher  moments  have  negligible  effects  on  the  results. 

Probability  Density  FimctioiLs 

Definitions,  texTOs  probability  distribution,  probability  density  function, 
pdf,  or  the  notation  fx(X)  refer  to  a  function  that  defines  a  random  variable.  Usually, 
the  term  probability  distribution  refers  to  discrete  random  variables  and  the  term 
probability  density  function  refers  to  continuous  random  variables.  The  probability 
density  function  is  constmcted  such  that  for  any  X,  its  value  is  proportional  to  the 
likelihood  of  X.  The  area  under  the  pdf  is  unity.  The  probability  that  the  random 
variable  X  lies  between  two  values  Xj  and  X2  is  the  integral  of  the  probability  density 
function  taken  between  the  two  values.  Hence: 

Pi{x^<x<x^)  =  Jf^(x)dx 


The  cumulative  distnbution  function,  CDF,  or  Fx(X)  measures  the  integral  of  the 
probability  density  function  over  its  entire  range.  Its  value  for  any  X  is  the  integral  of 
the  pdf  from  minus  infinity  to  X: 
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X 

Fj^(X)  =  J dx 

•~o» 

Thus  for  any  value  X,  Fx(X)  is  the  probability  that  the  random  variable  X  is  less  than 
the  given  x. 

3.16.  Application  in  Analysis.  Although  probabilistic  analyses  methods  used 
herein  require  only  the  mean  and  standard  deviation  of  random  variables  and  their 
correlation  coefficients,  an  understanding  of  the  properties  of  a  few  common  density 
functions  and  their  related  moments  is  useful  for  several  reasons: 


1.  Plotting  an  assumed  probability  density  function  proviHxs  a  clear  means  to 
visualize  the  variability  of  the  random  variable. 

2.  Values  of  the  cumulative  distribution  function  provide  a  convenient  means  to 
check  the  reasonableness  of  estimated  moments. 

3.  An  engineer  inexperienced  in  probability  analysis  may  be  better  able  to  identify 
points  on  the  cumulative  distribution  (e.g.  he  or  she  may  be  able  to  define  a 
minimum  or  maximum  value  with  90  percent  confidence)  or  to  visually  assess 
whether  the  shape  of  a  distribution  is  reasonable,  than  to  directly  estimate 
probabilistic  moments. 


Considering  the  above,  a  suggested  method  to  assign  or  check  assumed  moments  for 
random  variables  is  to: 


1.  Assume  trial  moments  and/or  limits  and  assume  a  standard  form  for  the 
probability  density  function, 

2.  Plot  the  resulting  density  function  and  tabulate  the  resulting  cumulative 
distribution  function, 

3.  Assess  the  reasonableness  of  the  shape  of  the  pdf  and  the  values  of  the  CDF, 
and 

4.  Repeat  steps  1  through  3  with  successively  improved  trial  moments  and/or 
limits  until  the  moments  reflect  an  appropriate  pdf  and  CDF. 


3-10 


Plotting  and  tabulating  commonly-used  density  functions  and  cumulative,  distribution 
functions  is  easily  performed  with  small  microcomputer  programs  or  spreadsheet 
templates. 

3.17.  Common  Distributions  Certain  probability  density  functions  are  favored 
because  they  are  easily  calculated,  extensively  tabulated,  or  have  some  basis  in  probabili¬ 
ty  theory.  The  following  paragraphs  provide  a  brief  discussion  of  several  of  these 
distributions,  which  are  illustrated  in  figures  3.2. 

3.18.  Uniform  Distribution.  The  uniform  distribution  (Figure  3.2.a)  assumes  that 
the  random  variable  assumes  values  from  a  lower  limit,  a,  to  an  upper  limit,  b,  and  all 
values  are  equally  likely.  The  pdf  can  be  expressed  as: 


The  uniform  distribution  can  be  shown  to  be  the  least  biased  choice  for  the  case  where 
the  only  information  known  about  a  random  variable  are  its  upper  and  lower  limit.  The 
expected  value  of  the  uniform  distribution  is: 

Eim  =  ^ 

2 

and  the  standard  deviation  is: 

o  =  SP-^) 

""  yfl2 

3.19.  Triangular  Distributions.  The  triangular  distribution  implies  (Figure  3.2.b) 
that  a  random  variable  has  upper  and  lower  and  upper  limits  a  and  b  flTid  that  the 
likelihood  of  a  given  value  increases  linearly  with  distance  from  one  or  both  limits.  The 
triangular  distribution  can  be  shown  to  be  the  least  biased  distribution  where  one  knows 
only  the  minimum,  maximum,  and  most  likely  value  of  a  variable.  For  a  symmetric 
triangular  distribution,  the  expected  value  is  : 
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E[X\ 


a-^b 

2 


and  the  standard  deviation  is; 


a  = 

""  v/24 


For  an  upper  triangular  distribution,  the  expected  value  is 


E[X1  =  ±  (a+2i?) 


and  the  standard  deviation  is: 


ih-a) 


For  a  lower  triangular  distribution,  the  expected  value  is: 

E[X]  =  A  (2a+i?) 


and  the  standard  deviation  is: 


o 

""  yrs 


3*20.  Normal  Distribution.  The  normal  or  Gaussian  distribution  (Figure  3.2.c)  is 
probably  the  most  well-known  probability  density  fimction.  Its  probability  density 
function  is  defined  in  terms  of  the  mean,  /x^,  and  standard  deviation,  of  a  random 
variable: 


f^iX)  =  — 

OV2JC  2o^ 


The  cumulative  distribution  function  for  the  normal  distribution  is  not  conveniently 
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expressed  in  closed  form  but  is  widely  tabulated  and  can  be  readily  computed  by 
numerical  approximation.  Although  the  normal  distribution  has  limits  of  plus  and  minus 
infinity,  values  more  than  3  or  4  standard  deviations  firom  the  mean  have  very  low 
probability.  The  normal  distribution  is  commonly  assumed  to  characterize  many  random 
variables  where  the  coefficient  of  variation  is  less  than  about  30  percent.  Where  the 
mean  and  standard  deviation  are  the  only  information  known,  it  can  be  shown  that  the 
normal  distribution  is  the  most  unbiased  choice.  Selection  of  the  normal  distribution 
may  also  be  justified  on  the  basis  of  the  central  limit  theorem,  which  states  that  the 
distribution  of  sums  of  random  variables  approaches  the  normal  distribution  as  the 
number  of  random  variables  increases,  regardless  of  the  distributions  of  the  variables 
themselves. 

3.21.  The  Lognormal  Distribution.  When  a  random  variable  X  is  lognormally 
distributed,  its  natural  logarithm.  In  X,  is  normally  distributed.  The  lognormal  distribu¬ 
tion  has  several  properties  which  often  favor  its  selection  to  model  certain  random 
variables  in  engineering  analysis: 

1.  As  X  is  positive  for  any  value  of  In  X,  lognormally  distributed  random  variables 
cannot  assume  values  below  zero. 

2.  It  often  provides  a  reasonable  shape  in  cases  where  the  coefficient  of  variation 
is  large  or  the  random  variable  may  assume  values  over  one  or  more  orders  of 
magnitude. 

3.  As  the  log  of  the  product  of  several  variables  equals  the  sum  of  the  logs  of  the 
variables,  the  central  limit  theorem  implies  that  the  distribution  of  products  or 
ratios  of  random  variables  approaches  the  lognormal  distribution  as  the  number 
of  random  variables  increases. 

If  the  random  variable  X  is  lognormally  distributed,  then  the  random  variable  Y  =  In  X 
is  normally  distributed  with  parameters  E[Y]  =  Efln  X]  and  ay  =  a,^.  To  obtain  the 
parameters  of  the  random  variable  Y,  first  the  coefficient  of  variation  of  X  is  calculated: 
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The  standard  deviation  of  Y  is  then  calculated  as: 


Oy  =  =  yin(l+Fj) 

The  term  is  in  tiuii  used  to  obtain  the  expected  value  of  Y: 

2 

E[Yi  =  EOnX]  =  In  E[X\  -  — 

2 

The  density  function  of  the  lognormal  variate  X  is: 

jiX)  =  - 1 — exp[-l(M:™)2] 

2  Oy 

2*22.  The  Beta  Distribution.  The  beta  distribution  was  originally  developed  by 
Pearson  in  1886  to  fit  the  first  four  moments  of  a  random  variable.  An  adaptation  by 
Harr  and  others  (Harr,  1987)  provides  a  method  to  fit  the  beta  distribution  to  the  mean, 
standard  deviation,  and  upper  and  lower  limits  of  a  random  variable.  The  beta  distribu¬ 
tion  is  very  flexible,  and  can  assume  a  variety  of  shapes  including  the  normal,  uniform, 
and  triangular  distributions  as  special  cases.  Offsetting  the  flexibility  is  the  fact  that  four 
parameters  must  be  known  or  assumed.  The  beta  distribution  (Figure  3.2.c)  may  be 
favored  where  a  particular  shape  for  the  probability  density  function  is  desired  or  where 
the  limits  of  the  random  variable  are  known  with  reasonable  certainty.  In  the  past,  the 
beta  distribution  has  seen  little  application  because  calculating  the  density  function  and 
cumulative  distribution  has  been  difficult.  However,  these  can  now  be  readily  obtained 
using  relatively  simple  computer  programs  or  spreadsheet  templates. 


The  Performance  Function  and  limit  State 

3.23.  The.  performance  function  is  a  function  selected  to  numerically  characterize 
a  mode  of  performance  for  a  structure  or  component.  A  certain  value  of  the  perfor¬ 
mance  function  represents  the  limit  state.  For  the  studies  herein,  several  performance 
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functions  limit  state  and  performance  modes  were  evaluated  as  described  below. 

3.24.  Sliding  Stability.  For  sliding  stability  two  performance  functions  were 
considered.  The  first  performance  function  was  the  ratio  of  resisting  forces  to  driving 
forces,  with  a  value  of  1.0  taken  as  the  limit  state.  The  second  was  the  factor  of  safety 
obtained  using  the  program  CSLIDE  (Pace  and  Noddin,  1987).  In  this  case,  a  value  of 
1.0  also  was  taken  as  the  limit  state  but  the  calculated  reliability  index  usually  differed  as 
the  performance  function  was  different. 

3.25.  Overturning  Stability.  For  rotational  or  overturning  stability,  the  first 
performance  function  considered  was  the  ratio  of  resisting  moments  to  overturning 
moments  and  the  limit  state  was  taken  as  a  ratio  of  1.0.  The  second  performance 
function  considered  was  the  location  of  the  effective  resultant  force  on  the  base.  For 
this  function,  a  number  of  criteria  were  considered;  these  were  the  events  that  the 
resultant  fell  in  the  middle  one-third,  one-half,  and  two-thirds  of  the  base;  or  only  within 
the  base.  These  correspond  to  100  percent,  75  percent,  50  percent,  and  zero  percent  of 
the  base  being  in  compression,  respectively. 

3.26.  Bearing  Capacity.  For  bearing  capacity  analysis,  the  performance  function 
was  taken  as  the  factor  of  safety  defined  as  ratio  of  the  ultimate  bearing  pressure  times 
the  effective  base  area  to  the  effective  base  resultant  force.  The  limit  state  was  taken  as 
a  value  of  1.0. 


Integration  of  the  Performance  Function 

3.27.  As  previously  noted,  the  reliability  index  is  calculated  from  the  expected 
value  and  standard  deviation  of  the  performance  function.  There  are  a  number  of 
techniques  for  calculating  the  exact  or  approximate  values.  These  are  summarized 
below. 

3.28.  Direct  Integration.  Given  a  function  Y  =  g(X),  of  a  random  variable  X,  the 
expected  value  of  the  function  is  defined  as  the  integral  of  the  product  of  the  function 
and  the  probability  density  function  of  the  random  variable;  thus: 
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£[y]  =  E[g{X)]  =  jg{X)f^{X)dX 


for  more  thEn  one  random  variable,  the  above  equation  generalizes  to; 


E[Y]  =//...  jgix^.x^,  .  .x^)  f^{x^,X2,  .  .Xjdx^dx^.  .  .dx^ 


The  expected  value  of  can  be  obtained  as  : 


Em  =  f^Jgix)]^f^ix)dx 


A  similar  expression  is  used  for  multivariate  functions.  The  variance  of  Y  can  be  found 
using  the  identity: 


Var[Y]  =  Em  -(E[Y])^ 


and  the  square  root  of  the  variance  is  the  standard  deviation.  For  most  functions 
encountered  in  engineering  applications,  direct  integration  is  difficult  and  the  mean  and 
the  standard  deviation  are  obtained  by  approximation  using  one  of  the  methods  in  the 
next  three  sections. 


Monte  Carlo  Simulation 

3.29.  In  Monte  Carlo  simulation  (see  e.g.,  Ang  and  Tang  1984),  a  very  large 
number  of  values  for  the  random  variables  are  generated  in  a  manner  such  that  these 
values,  in  the  long  run,  are  distributed  according  to  their  assumed  probability  distribu¬ 
tions  and  correlation  coefficient.  For  each  set  of  values,  the  performance  function  is 


3-17 


evaluated  and  the  mean  and  standard  deviation  is  calculated  from  the  set  of  results. 
Simulation  methods  have  some  advantage  where  information  regarding  the  shape  of  the 
distribution  of  the  performance  function  is  desired  or  where  the  event  of  interest  is  not 
easily  represented  as  a  function.  For  example,  simulation  has  been  used  to  assess  the 
probability  of  pile  intersection  (Wolff,  1990).  Disadvantages  of  simulation  methods 
include  the  need  for  very  large  numbers  of  analyses  to  obtain  statistically  significant 
results,  complexity  in  generating  random  variables  to  fit  assumed  distributions,  and 
complexity  in  generating  correlated  random  variables. 

Taylor’s  Series  Method 


3.30.  The  Taylor’s  series  method  is  based  on  a  Taylor’s  series  expansion  of  the 
performance  function  about  some  point.  For  the  analysis  herein,  the  expansion  is 
performed  about  the  expected  values  of  the  random  variables.  The  Taylor’s  series 
method  is  termed  a  first  order,  second  moment  method  as  only  first-order  (linear)  terms 
of  the  series  are  retmned  and  only  the  first  two  moments  (mean  and  the  standard 
deviation)  are  considered.  Given  a  function  Y  =  g(Xi,  Xj, ...  X„),  where  all  X;  are 
independent,  the  expected  value  of  the  function  is  obtained  by  evaluating  the  function  at 
the  expected  values  of  the  random  variables: 

E[Y]  =  g(E[X^]  ,E[X2] _ E[X„]  ) 

For  a  function  such  as  the  factor  of  safety,  this  implies  that  the  factor  of  safety  is 
calculated  using  the  mean  of  the  random  variables: 

£[F5]  =  FS{X^,X^ _ X^) 


The  variance  is  taken  as: 

V&z[Y]  =  S  [( 

dXj^  ^ 

with  the  partial  derivatives  taken  at  the  expansion  point  ( in  this  case  the  mean  value). 
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Using  the  factor  of  safety  as  an  example  performance  function,  the  variance  is  obtained 
by  finding  the  partial  derivative  of  the  factor  of  safety  with  respect  to  each  random 
variable  evaluated  at  its  mean,  squaring  it,  multiplying  it  by  the  variance  of  that  random 
variable,  and  summing  these  terms  over  all  of  the  random  variables; 

VarlFSl  =  ZH^fYarX} 

dX. 

The  standard  deviation  of  the  factor  of  safety  is  then  simply  the  square  root  of  the 
variance.  Advantages  of  the  Taylor’s  Series  method  include  the  fact  that  the  terms  in 
the  above  summation  provide  an  explicit  indication  of  contribution  of  uncertainty  of  each 
variable  and  the  method  is  exact  for  linear  performance  functions.  Disadvantages  of  the 
Taylor  Series  method  include  the  fact  that  it  is  necessary  to  obtain  derivatives  and  the 
neglect  of  higher  order  terms  introduces  errors  for  non-linear  functions. 

3-31.  Evaluation  of  Derivatives  in  Tavlor’s  series.  Although  anal5rtical  expressions 
for  derivatives  of  performance  functions  may  be  difficult  to  obtain,  derivatives  can  be 
obtained  numerically  by  evaluating  the  performance  function  at  several  points.  The 
function  is  evaluated  at  one  increment  above  and  below  the  mean  of  the  random 
variable  Xj  and  the  difference  of  the  results  is  divided  by  the  distance  between  the  two 
values  of  X^.  Although  the  derivative  at  the  mean  is  most  precisely  evaluated  using  a  very 
small  increment,  taking  the  increment  as  one  standard  deviation  may  better  represent  the 
behavior  of  the  function  over  a  range  of  likely  values.  Thus  the  derivative  may  be 
calculated  as  foUows: 


ax,  ^ 

Where  random  variables  are  correlated,  solution  is  more  complex.  The  expression  for 
the  expected  value,  retaining  second  order  terms  is: 
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Em  =g(E[X,]MX^l...MXJ  +ls_^Cov(^^p 

2  oXpXj 

However,  in  keeping  with  the  first  order  approach,  the  second  order  terms  are  generally 
neglected.  The  variance  is  taken  as: 

Varm  -  S[(-^)V<2rX,]+22(^.^COT(XX)) 

ox^  oX^  oXj 

For  the  cases  evaluated  in  this  study,  only  the  random  variable  c  and  0  (or  tan  0)  were 
considered  to  be  correlated. 


Point  Estimate  Method 

3.32,  Point  estimate  methods  are  procedures  where  probability  distributions  for 
continuous  random  variable  are  represented  by  discrete  distributions  having  two  or  more 
values.  The  elements  of  these  discrete  distributions  have  specific  values  with  defined 
probabilities  such  that  the  first  few  moments  of  the  discrete  distribution  match  that  of 
the  continuous  random  variable.  Having  such  few  values  over  which  to  integrate,  the 
moments  of  the  performance  function  are  easily  obtained. 

3.33.  Rosenblueth's  Two-point  Estimate  Method.  A  simple  and  straightforward 
point  estimate  method  has  been  proposed  by  Rosenblueth  (1975,  1981)  and  has  been 
summarized  by  Harr  (1987).  A  continuous  random  variable  Xj  is  represented  by  two 
point  estimates,  and  X with  probability  concentrations  Pj^  and  P;.,  respectively. 

As  the  two  point  estimates  and  their  probability  concentrations  form  an  equivalent 
probability  distribution  for  the  random  variable,  the  two  P  values  must  sum  to  unity. 

The  two  point  estimates  and  probabihty  concentrations  are  chosen  to  match  three 
moments  of  the  random  variable.  For  symmetrically  distributed  random  variables,  the 
point  estimates  are  taken  at  the  mean  plus  or  minus  one  standard  deviation: 
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X,_  = 

For  independent  random  variables,  the  associated  probability  concentrations  are  each 
one-half: 


=  P,.  =  0.50 

Using  the  point  estimates  and  their  probability  concentrations  for  each  variable,  the 
expected  value  of  a  function  of  the  random  variables  raised  to  any  power  M  ean  be 
approximated  by  evaluating  the  function  for  each  possible  combination  of  the  point 
estimates  (e.g.  Xj^.,  X2.,  X3.,..  X„+),  multiplying  each  result  by  the  product  of  the  associat¬ 
ed  probability  concentrations  (e.g.  P+~...-i-  =Pi+P2.P3....Pn+)  and  summing  the  terms.  For 
example,  two  random  variables  result  in  four  combinations  of  point  estimates  and  four 
terms: 

E[Y^]  =  P,,g(Xi„X2,)^  -h  P,^(Xi^,X2.)^  P  ,g(Xi.,X2,)^  +  P^(Xi.,X2.)^ 

For  N  random  variables,  there  are  2*^  combinations  of  the  point  estimates  and  2  ^  terms. 
To  obtain  the  eiqiected  value  of  the  performance  function,  the  function  is  calculated  2^ 
times  using  all  the  combinations  and  the  exponent  M  is  1.  To  obtain  the  standard 
deviation  of  the  performance  function,  the  exponent  M  is  taken  as  2  and  the  squares  of 
the  obtained  results  are  weighted  and  summed  to  obtain  E[Y^].  The  variance  can  then 
be  obtained  from  the  identity: 

VariY\  =  £[y2]  -  (E[Y\f 

and  the  standard  deviation  is  the  square  root  of  the  variance.  Correlation  between 
symmetrically  distributed  random  variables  is  treated  by  adjusting  the  probability 
concentrations  (P  ±±  ....  ±).  A  detailed  discussion  is  provided  by  Rosenblueth  (1975) 
and  summarized  by  Harr  (1987).  For  analysis  herein,  at  most  two  random  variables  (c 
and  tan0)  were  taken  to  be  correlated.  For  two  correlated  random  variables  within  a 
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group  of  two  or  more,  the  product  of  their  concentrations  is  modified  by  adding  a 
correlation  term: 


=  p,.,. « ^ 
p,.,.  -  p,,.  =  ^ 


The  Reliability  Index  and  its  Various  Definitions 

3.34.  Definition  based  on  normal  distribution.  As  illustrated  in  Figure  3.3a,  a 
simple  definition  of  the  reliability  index  is  based  on  the  assumption  that  capacity  and 
demand  are  normally  distributed  and  the  limit  state  is  the  event  that  their  difference,  the 
safety  margin  S,  is  zero.  The  random  variable  S  is  then  also  normally  distributed  and  the 
reliability  index  is  the  distance  by  which  E[S]  exceeds  zero  in  units  of  a^. 

P  =  r: 

Or  ri  2 


3.35.  Definition  based  on  lognormal  distribution.  An  alternative  formulation  of  the 
reliability  implies  that  capacity,  C,  and  demand,  D,  are  lognormally  distributed  random 
variables.  In  this  case  hi  C  and  In  D  are  normally  distributed.  Defining  the  factor  of 
safety,  FS,  as  the  ratio  C/D,  then  In  FS  =  (In  C)-(ln  D)  and  In  FS  is  normally  distribut¬ 
ed.  Defining  the  reliability  index  as  the  distance  by  which  In  FS  exceeds  zero  in  terms  of 
the  standard  deviation  of  hi  FS,  it  is: 
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p  = 


£[/nF5] 


■(S)A 


'imFS 


(i  +  v^«) 


Figure  33  Alternative  Definitions 
of  the  Reliability  Index 


p  =  _  £lln(C/I>)]  ^  £[ln  FS\ 

®OnC-lnZ))  ^MlCID)  ^hiFS 


As  noted  in  section  3.21,  the  expected  value  of  In  C  is: 

£[lii  =  In  ^C^-— Ojj^^ 


where: 


4  c  =ln[l+f^ 


A  similar  expression  provides  E[D]. 

The  expected  value  of  the  log  of  the  factor  of  safety  is  then: 

£lln  FS]  =  In  E\C\  -  In  F[D]  -  -ln[l+F^  +  -ln[l+pj] 

2  2 

As  the  second  order  terms  are  small  when  the  coefficients  of  variation  are  not  exceeding¬ 
ly  large  (below  approximately  30  percent),  the  equation  above  can  be  approximated: 


F[ln  F5] 


In  ^C\  -  In  F[D] 


ln[ 


EB. 

mm 


3 


The  standard  deviation  of  the  log  of  the  factor  of  safety  is  obtained  as: 


+  o 


2 

\d.D 


OtB  =  ^  Intl-vJ] 
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Introducing  an  approximation. 


Inll+Fj]  » 

the  reliability  index  for  lognormally  distributed  C,  D,  and  FS  and  normally  distributed  In 
C,  In  D,  and  In  FS  can  be  expressed  approximately  as: 


The  exact  expression  is: 


) 


D 


When  using  many  deterministic  computer  programs,  the  output  is  in  the  form  of  the 
factor  of  safety  only  and  the  reliability  index  must  be  calculated  from  values  of  E[FS] 
and  aps  obtained  from  multiple  runs.  Based  on  the  equations  in  section  3.21,  the 
reliability  index  is  obtained  using  the  following  steps: 


°FS 
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£Tlii 


In  E[FS\  -  |ln(l+F^ 


p  ^  Epn  FS]  ^  ^  lElFSyf^  ] 

/Ind+V^ 

For  the  study  herein,  the  lognormal  definition  was  used  to  calculate  p.  This  is  consistent 
with  current  trends  in  structural  reliability  engineering. 

3.36.  Hasofer-Lind  Definition.  For  non-linear  performance  functions,  the 
calculated  )3  value  using  the  mean  and  the  standard  deviation  obtained  firom  a  Taylor’s 
Series  expansion  is  dependent  on  the  point  about  which  the  expansion  is  performed.  For 
reasonably  "safe"  structures,  the  mean  may  be  statistically  "far"  from  the  failure  or  limit 
condition,  and  derivatives  evaluated  at  the  mean  introduce  inaccuracy.  Hasofer  and 
Lind  (1974)  proposed  an  iterative  procedure  for  determining  a  /S  value  that  is  invariant 
for  non-linear  functions.  In  their  procedure,  expansion  is  performed  not  about  the  mean 
but  about  a  "most  likely  failure  point,"  X=Xi*,  X2’,  ...X  3*.  The  Hasofer-Iind  procedure 
is  beyond  the  scope  of  this  study  but  may  merit  future  consideration  for  significantly  non¬ 
linear  problems  such  as  bearing  capacity. 


3.37.  Assuming  the  reliability  of  a  particular  component  can  be  quantified  with 
respect  to  a  particular  performance  mode,  it  follows  that  interest  would  arise  in  assessing 
the  overall  reliability  of  a  structure  considering  aU  of  its  components  and  performance 
modes.  The  most  basic  systems  are  simple  parallel  and  series  systems.  Although 
navigation  systems  are  much  more  complex,  some  insight  into  the  reliability  of  complex 
systems  can  be  gained  by  an  understanding  of  simple  series  and  parallel  systems. 

3.38.  Simple  Series  System.  For  a  simple  series  system,  all  components  are 
considered  independent  The  reliability  of  the  system  is  the  probability  that  all  compo- 
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nents  function  and  is  equal  to  product  of  the  reliability  of  the  individual  components. 


R  —  R2R2...R„ 

The  probability  of  failme  for  a  series  system  is  then: 
p,(f)  =  1-R  = 

If  a  chain  has  twenty  independent  liuks  each  with  reliability  R^  =  0.99  and  probability  of 
failure  0.01,  then  the  reliabiHty  of  the  chain  is  (0.99)^°  =  0.8179.  It  is  evident  that  series 
systems  can  become  unrehable  rapidly  as  the  number  of  their  components  increases.  A 
waterway  system  with  locks  and  dams  at  a  number  of  locations  can  be  viewed  as  a  series 
system  between  the  origin  and  the  destination  of  a  given  trip. 

3-39.  Simple  Parallel  System.  For  parallel  systems  comprised  of  N  components 
where  failure  of  the  system  requires  failure  of  all  components,  the  probability  of  failure 
is: 


Pr(f>  ‘  W  P,(4)  . 

The  reliability  of  a  parallel  system  is  them 

R  =  =  1-p/fi)  Pm  pm 

For  a  set  of  three  generators  in  parallel,  each  with  reliability  Rj  =  0.99  and  Pr(f)  =  0.01, 
the  probability  of  total  loss  of  power  is  0.01^  =  0.000001.  It  is  hkewise  evident  that 
parallel  systems  become  increasingly  reliable  as  the  number  of  components  increase. 
Multiple  locks  at  a  given  dam  site  represent  a  simple  parallel  system  and  result  in  a 
reliability  (with  respect  to  passage)  much  greater  than  that  for  a  single  lock. 

Solutions  are  also  available  for  S5^tems  where  more  than  on  of  a  group  of  components 
are  required  for  performance.  This  is  termed  an  "R-out-of-N  system"  (see,  e.g.,  Harr, 
1987). 
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3.40.  Navigation  structures  and  their  components  are  complex  systems  which  may 
include  series  and  parallel  components,  redundant  components,  and  correlated  perfor¬ 
mance  modes.  Furthermore,  a  number  of  events  can  occur  which  may  reduce  the 
efficiency  of  lock  but  not  stop  its  operation.  Thus,  it  is  beyond  the  scope  of  the  present 
research  to  develop  a  comprehensive  method  to  determine  overall  system  reliability. 
Complex  fault-tree  and  event-tree  analyses  have  been  applied  to  similarly  complex 
systems  (See,  e.g.,  Ang  and  Tang,  1984).  One  simple  but  convenient  approach  to 
estimate  the  lower-bound  reliability  of  a  system  would  be  to  is  merely  to  take  the 
minimum  reliability  of  any  component: 


R  =  min  (Rj) 


Likewise,  the  reliability  index  of  a  system,  in  the  first  approximation,  might  be  taken  as 
the  minimum  reliability  index  of  any  component  or  performance  mode. 


=  )S 


min 


Setting  Target  Reliability  Values 

3.41.  Given  that  the  reliability  of  structural  components  and  performance  mode 
are  expressed  as  a  reliability  indices,  p,  and  these  the  /3  vzJues  are  to  be  used  to 
prioritize  rehabilitation,  target  p  values  must  be  defined  that  represent  acceptable  or 
desirable  levels  of  performance.  As  target  p  values  have  not  previously  been  defined  for 
navigation  structure  components  and  performance  modes,  one  goal  of  this  study  was  to 
make  preliminary  recommendations  regarding  target  p  values.  To  assign  rational  target 
values,  several  sources  of  information  can  be  considered;  these  include  values  used  in 
structural  design  codes,  values  used  in  bridge  evaluation,  and  experience  from  this  study. 
The  task  of  recommendating  target  B  values  is  addressed  in  Part  XTV  of  this  report. 
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Time  Variation  of  Reliability 


3.42.  A  commoii  concern  is  tha.t  structures  may  become  less  reliable  with  time. 
The  tune  -dependence  is  evident  for  mechamcal  and  electrical  components  with  a  finite 
(but  uncertain)  life.  In  fact,  reliability  may  increase  or  decrease  with  time.  The  basis  of 
the  reliability  analysis  procedures  developed  herein  is  to  quantify  uncertainty  regarding 
performance  as  a  function  of  uncertainty  in  the  variables  used  in  the  analysis.  For 
reliability  to  change  with  time,  the  expected  value  or  standard  deviation  of  one  or  more 
of  the  random  variables  must  be  a  function  of  time.  For  example,  in  the  case  of 
monoliths  secured  by  rock  anchors,  the  uncertainty  of  the  anchor  force  may  be  modeled 
as  increasing  with  time  in  which  case  decreasing  ^  values  would  be  obtained  at  increas¬ 
ing  times.  In  the  case  of  a  soil  where  strength  is  modeled  as  increasing  with  time  due  to 
consolidation,  the  /3  value  would  increase  with  time. 
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PART  IV:  PROBABILISTIC  CHARACTERIZATION  OF  SHALE  STRENGTH 


Monongahela  River  Foundation  Materials 

4.1.  Introduction.  One  of  the  most  significant  random  variables  in  the  sliding  analysis 
of  a  gravity  monolith  is  the  shear  strength  of  the  foundation  material.  The  monoliths 
investigated  at  Monongahela  River  Locks  and  Dams  Nos.  2,  3,  4  are  typically  founded  on 
shales  of  various  hardness  and  descriptions.  Related  sedimentary  rocks  (siltstone,  claystone, 
etc.)  are  also  present.  Strength  data  for  the  shales  were  available  in  the  form  of  direct  shear 
tests.  At  Locks  and  Dam  No.  3,  triaxial  test  data  were  also  available.  The  test  results  are 
published  in  three  separate  Engineering  Condition  Surveys  prepared  by  the  Waterways 
Experiment  Station,  Structures  Laboratory,  for  the  Pittsburgh  District.  This  section  describes 
how  expected  values,  standard  deviations  and  correlation  coefficients  were  assigned  for  the 
strength  parameters  of  these  materials. 

'^•2*  Foundation  Rock  at  Locks  and  Dam  No.  2.  The  condition  survey  for  Lock  and 
Dam  No.  2  (  Wong,  et  al.,  1988  )  summarizes  drilling  and  testing  performed  at  the  site. 

The  foundation  materials  are  predominately  Pennsylvanian  shales,  variously  described  as 
shale,  fractured  shale,  clay  shale,  silty  shale,  clay  shale  with  slickensides,  and  rubble.  Rock 
specimens  selected  for  direct  shear  testing  were  intact  specimens  and  were  divided  into  two 
groups,  (a)  soft  to  moderately  hard  shale  and  (b)  moderately  hard  shale.  Seven  specimens 
fi-om  each  group  were  tested  at  one  normal  stress  each,  either  3.6,  7.2,  or  10.8  ton  per  square 
foot  (tsf).  Both  peak  and  residual  shear  strengths  were  obtained  for  each  test.  The  results  of 
a  regression  analysis  by  WES  were  reported  in  the  condition  survey;  the  best  fit  strength 
parameters  for  the  soft  to  moderately  hard  shale  are  given  as  c  =  5.4  tsf  and  (})  =  51.9  degrees 
for  peak  strengtii,  and  c  =  2.1  tsf  and  <()  =  25.0  degrees  for  residual  strength.  (Note:  the  text 
of  the  condition  survey  shows  the  umts  for  the  c  parameter  as  psi;  examination  of  the  ftata 
tables  and  plots  indicate  that  the  numbers  shown  must  acmally  be  tsf).  No  regression  analysis 
had  been  performed  by  mocterately  hard  shale  group  due  to  wide  scatter  in  the  data 
However,  a  regression  analysis  had  been  performed  on  the  two  groups  talfp.n  together  (ab), 


4-1 


and  the  best  fit  strengths  were  given  as  c  =  6.4  tsf  and  $  =  47.5  degrees  for  peak  strength  and 
c  =  1.32  tsf  and  ({)  =  25.8  degrees  for  residual  strength. 

4.3.  Foundation  Rocks  at  Lock  and  Dam  No.  3.  The  condition  survey  for  Locks  and 
Dam  No.  3  (U.S.  Army  Waterways  Experiment  Station,  1976)  summarizes  rock  testing  from 
borings  M-7  and  M-8,  drilled  in  the  fall  of  1974.  The  material  tested  is  representative  of  the 
material  at  the  foundation  contact  and  is  described  as  a  uniform,  competent  grayish  shglf.  with 
no  unusual  planes  of  weakness.  Testing  included  a  seven-stage  triaxial  test  on  a  smgle 
specimen  with  a  failure  plane  pre-cut  at  45  degrees,  a  seven  sample  unconfined/triaxial  test 
set,  and  six  direct  shear  tests.  The  staged  triaxial  test  on  the  pre-cut  material  indicated  a 
drained  friction  angle  (^’)  of  32.5  degrees.  The  triaxial  testing  on  intact  samples  yielded  very 
high  strengths;  the  actual  envelope  is  curved  but  the  initial  portion  is  characterized  by 
parameters  c  =  61.2  tsf  and  <j)  =  45  degrees.  The  best  fit  strength  parameter  obtained  from  a 
regression  analysis  by  WES  for  the  direct  shear  testing  has  c  =  8.06  tsf  and  4)  =  69  degrees. 
The  direct  shear  testing  was  considered  most  applicable  to  the  sliding  analysis  and  was 
analyzed  in  detail  as  discussed  later  in  this  part  Below  the  foundation  shale  is  found  strata 
of  more  carboniferous  shale  and  coal. 

4.4.  Foundation  Rocks  at  Lock  and  Dam  No.  4  The  condition  survey  for  Lock  anH 
Dam  No.  4  (Wong,  et  al,  undated)  describes  three  borings  made  into  the  foundation  rock, 
which  generally  consists  of  red  and  gray  shales  and  clayey  shales.  Significant  amnnnts  of 
material  described  as  mbble  were  logged  in  these  borings,  and  a  number  of  core  breaks  were 
recorded,  especially  along  bedding  planes.  Direct  shear  test  results  expressed  as  both  peak 
and  residual  strengths  are  available  for  four  materials  of  different  descriptions;  (d)  moderately 
hard  clayey  red  shale  (3  specimens),  (e)  moderately  hard  red  shale  (6  specimens),  (f) 
moderately  hard  clayey  gray  shale  (3  specimens)  and  (g)  hard  gray  shale  (3  specimens). 

Within  each  group,  there  were  few  data  points  and  hence  was  relatively  little  data  scatter; 
good  fits  could  be  made  for  the  strength  envelope.  For  the  three  moderately  hard  groups 
(def),  the  peak  strength  <])  parameter  was  reported  to  be  between  53  and  59  degrees  and  the 
peak  strength  c  parameter  between  5.8  and  8.5  tsf.  For  the  hard  gray  shale,  (g),  the  peak 
strength  was  reported  as  c  =  8  tsf  and  (j)  =  69  degrees.  For  the  clayey  shales  (df),  the  residual 
strength  parameters  were  reported  as  c  =  0  and  4)  =  15.5  degrees.  For  the  hard  gray  shale  (g). 
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the  residual  friction  angle  was  reported  as  39  degrees  and  for  the  moderately  hard  red  shale 
(e),  25.9  degrees. 


Grouping  of  Data 

Nature  of  Data.  The  usual  practice  for  determining  c  and  (j)  values  for  a  soil 
sample  tested  in  direct  shear  is  to  plot  shear  stress  at  failure  versus  normal  stress  and  fit  a 
straight  line  to  the  results  of  three  or  more  specimens  cut  from  a  single  sample  and  sheared 
under  different  normal  suresses.  From  a  group  of  c  and  (|)  values  so  obtained  for  a  number  of 
samples,  a  design  value  for  c  and  (j)  is  assigned-  Within  the  Corps  of  Engineers  ,  a  common 
selection  criterion  is  that  two-thirds  of  the  measured  strength  values  should  faU  above  the 
design  strength  envelope.  In  the  case  of  the  shale  materials  considered  herein,  most  shale 
samples  were  tested  at  only  one  normal  stress,  typicaUy  3.6,  7.2,  or  10.8  tsf.  Except  at  Locks 
and  Dam  No.  4,  individual  test  specimens  had  not  been  specifically  matched  with  other 
specimens  to  provide  a  set  of  c,  (j)  pairs.  While  a  single  design  strength  envelope  can  be 
drawn  through  a  group  of  a,  t  data,  determining  the  probabilistic  moments  of  c  and  (j)  is  not 
so  straightforward.  For  any  single  data  point  (a,  x),  an  infinite  number  of  combinations  of  c 
and  (()  will  define  line  that  pass  through  the  point  Some  of  the  uncertainty  in  the  shear 
strengtii  function  Tj=c+c  tantj)  must  be  assigned  to  c  as  a  variance  or  coefficient  of  variation, 
some  likewise  to  (()  (or  tan(}>),  and  some  to  the  joint  behavior  of  c  and  ())  (or  tant]))  as  a  covar¬ 
iance  or  correlation  coefficient,  ^  or  Thus,  a  consistent  method  and  some  judgment 

is  required  to  obtain  appropriate  probabilistic  moments  for  c  and  tan  ^  working  from  a  group 
of  scattered  points. 

Number  of  Foundation  Materials.  The  number  of  different  foundation  material g 
to  be  modeled  in  an  analysis  must  also  be  decided-  For  example,  a  site  may  have  soft  shales 
and  hard  shales,  each  with  their  own  expected  properties  and  associated  uncertainty.  A 
monolith  known  to  be  founded  on  certain  material  would  most  appropriately  be  analyzed 
using  the  probabilistic  moments  representative  of  the  known  foundation  material.  However, 
in  a  case  where  the  founding  material  itself  is  uncertain,  such  as  a  monolith  between  borings, 
the  probabilistic  moments  of  the  strength  parameters  should  reflect  the  adHitinnal  uncertainty 
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regarding  the  type  of  material.  This  would  imply  that  the  expected  value  of  the  strength 
should  be  taken  somewhere  between  the  expected  values  of  two  or  more  materials,  but  the 
coefficient  of  variation  should  be  larger  than  for  any  of  the  materials. 

4.7.  Selected  Grouping.  In  virtually  no  case  was  data  available  directly  under  a 
selected  monolith;  it  was  thus  necessarily  to  estimate  the  appropriate  probabilistic  moments 
based  on  data  elsewhere  at  the  site  that  might  be  considered  "representative"  In  this  regard 
data  were  first  grouped  in  a  number  of  ways  based  primarily  on  location  and  shale  hardness. 
Within  each  group,  shear  stresses  at  failure  were  usually  available  as  both  peak  strength  and 
residual  strength.  As  summarized  in  the  condition  surveys  previously  discussed,  the  rock 
tested  had  been  divided  into  the  following  groups: 

a.  Lock  and  Dam  No.  2,  Soft  to  moderately  hard  shale 

b.  Lock  and  Dam  No.  2,  Moderately  hard  shale 

c.  Lock  and  Dam  No.  3,  Hard  shale 

d.  Lock  and  Dam  No.  4,  Moderately  hard  clayey  red  shale 

e.  Lock  and  Dam  No.  4,  Moderately  hard  red  shale 

f.  Lock  and  Dam  No.  4,  Moderately  hard  clayey  gray  shale 

g.  Lock  and  Dam  No.  4,  Hard  gray  shale 

Because  of  the  limited  amount  of  data,  the  results  of  one  unusually  strong  or  weak  sample 
could  unduly  influence  the  analysis.  To  see  if  more  consistent  data  sets  could  be  obtained, 
the  following  additional  groups  were  created  by  combining  various  data  from  the  above 
groups: 


(ab).  Lock  and  Dam  No.  2,  all  data  combined 

(def).  Lock  and  Dam  No.  4,  all  moderately  hard  shale  and  moderately  hard  clayey 
shale  combined 

(abdef).  Locks  and  Dams  Nos.  2  and  4,  all  soft  to  moderately  hard  and  moderately 
hard  shale  and  clayey  shale  combined. 
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In  each  group,  statistical  "outliers"  were  eliminated  fix)m  the  sets  before  analysis.  A 
statistical  outlier  is  a  value  that  lies  statistically  "far"  from  the  remaining  data  points.  A 
number  of  statistical  references  provide  tests  to  determine  and  remove  outliers.  The  few 
outliers  involved  in  the  present  data  were  quite  obvious  and  were  removed  by  inspection. 


Calculating  the  Moments  of  c  and  tan  (fa 

Peak  strength  data.  As  the  data  were  available  in  the  form  of  (a,  x)  pairs,  and 
not  (c,  {())  pairs,  two  methods  were  developed  and  compared  for  obtaining  the  probabilistic 
moments  of  c  and  tan  ([)  for  peak  strength  data.  These  are  termed  the  paired-point  method 
and  the  linear  regression  method.  They  are  illustrated  in  figures  4.1  and  4.2,  respectively,  and 
discussed  below. 

Psired-point  method.  In  the  paired-point  method,  it  is  reasoned  that  any  sample 
sheared  at  a  given  normal  stress  might  be  paired  with  any  other  sample  sheared  at  a  different 
normal  stress.  Each  pair  of  points  so  considered  provides  one  value  of  c  anH  tan  <j>,  anH  the 
probabilistic  moments  of  c  and  tan  (j)  are  calculated  using  these  (c,  tan  ([))  values.  Pairs  of 
points  that  result  in  unreasonable  values,  such  as  negative  values  of  c  and  tan  <),  are  eliminat¬ 
ed.  To  illustrate  the  paired  point  method  assume  that  5  samples  are  tested  at  the  first  nnrmai 
stress,  3  are  tested  at  a  second  normal  stress,  and  2  are  tested  at  a  third  normal  stress.  Each 
of  the  first  five  can  be  combined  with  the  next  three,  and  then  the  next  two.  There  are  a  total 
of  [(5)(3)  +  (5)(2)  +  (3)(2)]  =  31  combinations.  Advantages  of  the  paired-point  method 
include  the  following: 

a.  The  method  is  simple  to  understand  and  explain 

b.  The  moments  of  tan  <j)  and  (j)  can  be  determined  separately  without  need  to  convert 
from  one  to  another. 

Disadvantages  of  the  paired-point  method  are: 


a.  Considerable  judgment  may  be  required  regarding  which  combinations  of  c,  and  tan 


4-5 


-6 


should  be  considered  unreasonable  and  eliminated. 

b.  As  the  number  of  data  points  increases,  the  number  of  combinations  to  be  consid¬ 
ered  increases  geometrically. 

c.  If  the  number  of  samples  tested  at  each  normal  stress  is  not  the  same,  the  data 
points  are  not  equally  weighted  in  the  analysis. 

d.  If  the  number  of  data  points  is  small  and  the  scatter  is  great,  unreasonable  values 
may  be  obtained  for  <J)  and  tan  <}). 

4.10.  Linear  Regression  Method.  In  the  linear  regression  method,  a  best  fit  line  is 
determined  using  standard  linear  regression  analysis  (see,  e.g.  Harr,  1987;  Draper  and  Smith, 
1981)  of  all  the  data  points.  This  line  can  be  represented  in  the  form: 

T  =  c  +  (tan  (l))c 
y  =  a  +  bx 

where  : 

y  corresponds  to  the  shear  stress,  x 
a  corresponds  to  the  c  parameter  or  cohesion 
b  is  the  slope  of  the  regression  line  and  corresponds  to  the  strength 
parameter  tan  (j),  and 
X  corresponds  to  the  normal  stress,  a. 

Hie  values  of  a  and  b  obtained  from  the  regression  analysis  define  the  best  fit  line*  and  thus 
correspond  to  the  mean  or  expected  value  of  the  parameters  c  and  tan  <]).  The  value  of  x 
obtained  for  any  c  corresponds  to  the  conditional  expected  value  E[Xf  I  o]  However,  there  is 
uncertainty  in  the  true  value  of  a  and  b  (or  c  and  tan  ()));  sampling  different  collections  of 
samples  drawn  from  an  infinitely  large  population  of  statistically  homogeneous  shale  bedrock 
would  result  somewhat  different  a  and  b  values  for  each  collection.  Although  not  found  in 
many  statistical  references,  solutions  are  available  (e.g..  Draper  and  Smith,  1981)  for  the 
variance  of  a  and  b  and  their  correlation  coefficient.  These  can  be  determined  as  follows: 
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Obtain  the  standard  error  of  y: 


o 

y/x 


N 


Zy^-aZy-bZxy 

7^2 


The  variance  of  b  is  then: 


Var(b)  = 


(a  )- 

y/x 


Z  ix^)  -n{]i  ) 


2 


The  variance  of  a  is: 


Var(a)=l££i^liH!l 

n 


The  covariance  of  (a,b)  is: 


Cov{a,b)  =  [Var{b)]  [-]aj 


Finally  the  correlation  coefficient  (p  ^  is: 


p  =  Cov{a,b) 

\J'Var(a)  Var(b) 

Having  determined  the  variance  of  a  and  b  and  their  covariance,  the  conditional  variance  associated 
with  y  given  any  value  of  x  (or  in  the  present  case,  the  conditional  variance  of  the  shear  stress,  t,  at 
a  given  normal  stress  o)  is: 


V’ 


4-8 


Variy)  =Var(a)  +2xCov(a,b)  +x^Var(b) 


For  the  peak  strength  parameters  c  and  tan(])  from  drained  tests,  the  resulting  correlation 
coefficient  Pc,  tan  ♦  3re  found  to  be  strongly  negative.  This  is  consistent  with  previous  smdies 
1985,  Harr,  1987).  As  a  result  of  such  negative  correlation,  the  uncertainty  in  (or 
coefficient  of  variation  of)  the  shear  strength  at  stress  levels  in  the  range  where  data  were 
obtained  is  typically  much  smaller  than  the  uncertainty  associated  with  c  or  tan(f)  takpn 
separately.  Expressed  another  way,  one  can  be  relatively  confident  in  the  strength  x  at  a 
given  stress  level  o,  even  though  one  is  less  confident  regarding  the  appropriate  values  for  c 
and  tan  (])  that  predict  that  strength.  For  negatively  correlated  parameters  if  c  is  high,  tan  ([) 
must  be  low  and  vice  versa.  Advantages  of  the  linear  regression  method  include  the 
following: 

a.  The  method  is  consistent  with  established  statistical  procedures;  it  can  readily  be 
programmed  or  parameters  can  be  obtained  from  general-purpose  statistical  program 
packages. 

b.  The  resulting  uncertainty  in  the  shear  strength  is  smallest  at  the  mean  confining 
stress  of  the  obtained  data  and  increases  with  distance  from  this  mp-an 

11-  Residual  Strength  Data.  For  residual  strength  data,  the  c  parameter  was  assumed 
in  all  cases  to  be  zero,  and  the  tangent  of  the  residual  friction  angle,  tan  <j)^  for  each  specimen 
was  taken  as  the  ratio  of  tire  shear  stress  at  residual  shear  failure  to  the  applied  normal  stress. 
As  only  one  variable  is  involved,  calculation  of  the  mean  and  standard  deviation  is  straight¬ 
forward  (see  paragraphs  3.8  through  3.10). 


Results 


4.12.  The  means  and  coefficients  of  variation  of  c  and  tan  (j)  and  their  correlation 
coefficients  were  calculated  for  data  groups  and  are  summarized  in  Table  4.1  for  both  the 
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paired-point  method  and  the  linear  regression  method.  An  example  plot  of  the  data  points 
and  fitted  lines  for  the  linear  regression  method  is  provided  in  Figure  4.3.  The  rnffans  and 
coefficients  of  variation  for  tan  ([)  for  residual  strength  data  are  summarized  in  Table  4.2. 

4.13  Peak  strengths.  Locks  and  Dam  No,  2.  The  moments  of  the  peak  strength 
parameters  selected  for  Locks  and  Dam  No.  2  reflect  consideration  of  both  the  soft  to 
moderately  hard  shale  and  the  data  for  all  shale  taken  together.  Taking  as  -0.70,  which 
is  slightly  lower  than  most  values  obtained,  provides  some  conservatism.  The  less  negative 
the  correlation  coefficient  ,  the  greater  is  the  variance  of  the  shear  strength  x  =  c  +  a 
tan  4)  at  any  normal  stress  a. 

4.14.  Peak  strengths.  Locks  and  Dams  Nos.  3  and  4.  The  moments  of  the  assigned 
strength  parameters  selected  for  Locks  and  Dams  No.  3  and  4  reflect  the  same  reasoning  as 
for  Locks  and  Dam  No.  2.  After  reviewing  the  moments  of  the  variously  grouped  and 
considering  the  relatively  small  amount  of  overall  data,  it  was  judged  that  differences  among 
the  calculated  moment  were  small  relative  to  the  overall  uncertainty  and  the  samp,  mnmpnts 
for  peak  strength  parameters  could  be  used  at  all  three  sites.  Because  these  peak  strength 
parameter  moments  were  taken  the  same,  the  differences  in  reliability  index  fix)m  one 
stmcture  to  another  are  solely  attributable  to  differences  in  structural  geometry,  water  levels, 
and  loading  conditions. 

4.15.  Residual  Strengths.  The  moments  of  the  residual  strength  parameters  are 
rounded  values  based  directly  on  the  results  of  the  regression  analyses. 


Assigned  Strength  Parameters 


4.16.  Based  on  the  results  shovra  in  Tables  4.1  and  4.2  for  various  groupings,  selected 
probabilistic  moments  for  use  in  the  forthcoming  analyses  were  assigned  as  given  in  Table 
4.3. 
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Table  4.1 


Group 

Method 

E[c] 

(tsf) 


a.  Locks  and  Dam  No.  2,  soft  to  moderately  hard  shale 

PP  5.46  54  1.23  50  -.64 

LR  5.44  68  1.27  48  -.89 

b.  Locks  and  Dam  No.  2,  moderately  hard  shale 

PP  9.22  65  2.68  34  -.72 

LR  7.33  112  2.67  49  -.91 

c.  Locks  and  Dam  No.  3,  hard  shale 

PP  8.48  60  2.52  49  -.48 

LR  8.05  91  2.55  56  -.92 

d.  Locks  and  Dam  No.  4,  moderately  hard  clayey  red  shale 

PP  6.08  53  1.35  16  -.96 

LR  5.77  20  1.35  11  -.93 

e.  Locks  and  Dam  No.  4,  moderately  hard  red  shale 

PP  5.88  89  1.59  43  -.92 

LR  4.05  65  1.72  23  -.91 

f.  Locks  and  Dam  No.  4,  moderately  hard  clayey  gray  shalpi 

PP  (method  does  not  give  reasonable  results) 

LR  8.45  122  1.71  79  -.94 
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g.  Locks  and  Dam  No.  4,  hard  gray  shale 

PP  9.62  84  2.63  41  -.96 

LR  8.03  74  2.63  29  -.93 


ab.  Locks  and  Dam  No.  2,  all  data  combined 

PP  7.51  69  2.02  53  -.24 

LR  6.26  88  2.08  43  -.90 

def.  Locks  and  Dam  No.  4,  all  moderately  hard  shale  and  clayey  shale  combined 

PP  5.63  79  1.57  40  -.90 

LR  5.29  56  1.70  24  -.92 

abdef.  Locks  and  Dams  Nos.  2  and  4,  all  soft  to  moderately  hard  and  moderately 
hard  data. 

PP  7.38  75  1.37  55  -.77 

LR  not  calculated 
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Table  4.2 

Probabilistic  Moments  for  Residual  Shear  Strength 
Groun  EFtan 

a.  Locks  and  Dam  No.  2, 


soft  to  moderately  hard  shale 

0.878 

48 

b.  Locks  and  Dam  No.  2, 
moderately  hard  shale 

0.798 

49 

g.  Locks  and  Dam  No.  4, 
hard  gray  shale 

0.577 

35 

ab.  Locks  and  Dam  No.  2, 
all  data  combined 

0.838 

49 

def.  Locks  and  Dam  No.  4, 
all  moderately  hard  shale  and 
clayey  shale  combined 

0.504 

14 

defg.  Locks  and  Dam  No.  4, 
all  shale 

0.518 

22 

abdef.  Locks  and  Dams  Nos.  2  and  4, 
all  shale 

.667 

50 
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Table  4.3 

Selected  Shale  Strengths 


Structure 


Efcl 

tsf 

X: 

percent 

EFtan  61 

.ytm  ^  Pr.tnn  ^ 

percent 

Locks  and  Dam  No.  2 

peak  strength 

5.5 

70 

1.50 

45 

-.70 

residual  strength 

- 

- 

0.80 

50 

Locks  and  Dam  No.  3 

peak  strength 

5.5 

70 

1.50 

45 

-.70 

residual  strength 

- 

0.64 

50 

Locks  and  Dam  No.  4 

peak  strength 

5.5 

70 

1.50 

45 

-.70 

residual  strength 

- 

- 

0.50 

25 

Discussion 


4.17.  The  analyses  reported  herein  utilized  relatively  common  statistical  procedures 
based  on  published  existing  test  results  in  order  to  obtain  probability  momonts  for  a  pilot 
reliability  study.  As  reliability  analysis  becomes  better  developed,  additional  factors  should 
be  considered;  these  are  discussed  below. 

Bias  in  Procedure.  An  important  factor  not  explicitly  accounted  for  in  the 
analyses  herein  is  potential  sanqjling  bias.  The  calculated  statistics  and  probabilistic  moments 
draived  there&om  are  for  the  tested  materials;  it  is  implied  that  the  untested  materials  are 
statistically  sunilar.  For  shear  testing  of  foundation  rocks,  this  often  may  be  the  case,  as 
samples  of  poor  rock  may  not  suitable  for  testing,  and  very  poor  rock  may  not  be  recovered. 
On  the  other  hand,  among  the  rock  for  which  samples  are  available,  weaker  samples  may  be 
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deliberately  selected  for  testing.  In  future  analyses  used  for  investment  decisions,  probabil¬ 
istic  moments  should  be  assigned  by.geotechnical  professionals  knowledgeable  about  the  site- 
specific  materials.  As  the  purpose  and  scope  of  the  present  study  focused  on  the  developn^nt 
of  analytical  procedures,  the  test  data  were  assumed  to  be  unbiased. 

4.19.  Correlation  between  c  and  tan  (b.  This  and  previous  studies  indicated  strong 
negative  correlation  between  c  and  tan  (j).  Neglecting  such  negative  correlation  is  conserva¬ 
tive,  but  given  the  relatively  high  degree  of  negative  correlation,  would  appear  to  be  overcon¬ 
servative. 

4.20.  Spatial  Correlation.  When  the  mean  and  standard  deviation  from  test  data  are 
used  as  predictors  of  the  expected  value  and  standard  deviation  of  the  strength  of  the 
foundation  strength  of  a  monolith,  an  irq)licit  assumption  is  made  that  the  uncertainty 
regarding  strength  at  the  foundation  is  as  great  as  the  uncertainty  regarding  a  point  in  the 
foundation.  It  has  been  argued  that  the  variability  or  uncertainty  of  strength  (or  other 
properties)  should  decrease  as  the  length  or  area  over  which  the  strength  is  considered 
increases.  Over  large  areas,  there  may  be  zones  of  strong  and  weak  matPirials  and  the 
tendency  to  slide  may  be  dependent  on  the  uncertainty  in  the  average  strength  over  the 
considered  area  as  oppose  to  the  sttength  at  a  point  Considerable  research  on  variance 
reduction  functions  has  been  published,  notably  by  VanMarcke  and  his  colleagues  (e.g., 
VanMarcke,  1977).  For  the  analysis  herein,  data  are  typically  widely  spaced  relative  to  the 
size  of  a  monolith,  and  no  reduction  has  been  applied  to  the  strength  variance  to  account  for 
spatial  correlation.  Such  techniques  may  merit  further  consideration  as  methodology  for 
navigation  stractures  is  further  refined. 
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PART  V:  DEVELOPMENT  OF  A  METHODOLOGY  FOR  SLIDING  ANALYSIS 
LOCKS  AND  DAM  NO.  2,  MONOUTH  M-16 

Problem  Descriptinn 

5-1-  Locks  and  Dam  No.  2.  Locks  and  Dam  No.  2  are  located  at  mile  11.2  above 
the  mouth  of  the  Monongahela  River.  The  structure  includes  a  concrete  overflow  dam 
and  two  lock  chambers;  the  landward  chamber  is  110  x  720  ft  and  the  riverward  chamber 
is  56  X  360  ft.  The  structure  was  originally  placed  in  operation  in  1905.  During  the 
period  1949  through  1953,  the  dam  was  shortened  and  new  locks  were  constructed.  The 
present  river  chamber  was  placed  in  service  in  1951  and  the  present  land  chamber  was 
placed  in  service  in  1953.  The  dam  is  founded  on  piles  and  timber  cribbing;  the  locks 
are  founded  on  sedimentary  rock  comprised  of  sandstone,  siltstone,  shale  and  clay  shale. 
As  noted  in  Part  IV,  the  rock  at  the  base  of  the  lock  monoliths  is  predominately  soft  to 
moderately  hard  shale. 

Mpnolith  M-16  and  Rationale  for  Selection.  M-16  is  a  shale-founded  gravity 
monolith  forming  a  part  of  the  middle  wall  between  the  two  chambers.  A  cross-section 
through  the  monolith  is  shown  in  figure  5.1.  The  section  contains  two  openings,  a  filling 
and  emptying  culvert  and  a  pipe  gallery.  The  monohth  is  foimded  at  elevation  672.0, 
about  2.5  ft  below  the  top  of  the  shale.  Soil  backfill  extends  to  elevation  690.5  on  both 
sides  and  is  covered  by  a  1.0  ft  concrete  fill  forming  the  chamber  floor  at  elevation  691.5. 
Monolith  M-16  was  selected  as  the  first  monolith  for  analysis  because  it  provided  a 
relatively  simple  case  for  analysis;  it  is  basicaUy  a  gravity  block  subjected  to  horizontal 
soil  and  water  loads. 

5.3.  Perfoi  itiance  Modes.  Monolith  M-16  was  analyzed  for  sliding  stability, 
overturning  stability,  and  beating  capacity.  For  each  of  these  three  performance  modes, 
analyses  were  performed  using  several  performance  functions,  limit  state  definitions  and 
probabilistic  analysis  methods  and  results  were  compared.  The  results  of  the  sliding 
analyses  are  reported  herein;  results  of  overturning  and  bearing  analysis  are  reported  in 
Parts  VI  and  VC,  respectively. 
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Figure  5.1  Locks  &  Dam  #2,  Monolith  M16,  Cross-Section 
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5.4,  Water  Levels  fnt  Analysis  As  M-16  is  a  middle  wall  monolith,  the  upper 
pool  is  assumed  to  act  on  one  side  and  the  lower  pool  on  the  other  side.  The  following 
water  levels  were  used  for  analysis: 


Case 

Upper  Pool 

Lower  Pool 

Normal  Operating  (A) 

718.7 

710.0 

Maintenance  (A) 

718.7 

691.5 

High  Water  (A) 

729.0 

723.5 

Normal  Operating  (B) 

725.5 

716.0 

Maintenance  (B) 

724.7 

691.5 

There  may  be  intermediate  combinations  of  water  levels  more  critical  than  those 
analyzed;  the  scope  of  the  present  study  was  limited  to  the  cases  cited.  The  normal 
operating  cases  represent  commonly-prevailing  conditions  at  the  lock.  The  maintenance 
cases  correspond  to  the  lock  chamber  being  dewatered  for  inspection  or  maintenance 
with  the  river  at  a  normal  or  moderately  high  level.  The  high  water  case  corresponds  to 
water  levels  just  before  the  locks  would  go  out  of  operation.  The  three  (A)  conditions 
were  analyzed  first  and  water  levels  are  consistent  with  those  assumed  in  various  analyses 
previously  performed  by  the  Corps.  The  two  (B)  conditions  were  added  later  as  the 
research  work  progressed  and  represent  water  levels  which  could  occur  and  may 
correspond  to  lower  reliability  indices.  The  (B)  conditions  also  assume  a  more  adverse 
uplift  pressure  distribution. 

Characterization  of  Random  Variables 

5.5  .  Variables  taken  as  random  variables  for  the  sliding  analyses  include  the 
submerged  soil  density,  y’sca,  the  strength  parameter  0’soii>  foundation  rock  strength 
parameters  c’jog^  and  tan  0’jocip  the  density  of  concrete,  Yconoete*  ^nd  an  uplift  parameter, 

E.  These  variables  were  assigned  mean  values  and  standard  deviations  based  on  analysis 
of  actual  data,  experience,  and  judgment.  In  addition,  a  negatively-valued  correlation 
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correlation  coefficient,  pg  ^  ,  was  assigned  to  characterize  the  joint  probability  of  c’^g^ 
and  tan  0’rock-  The  values  assigned  are  listed  in  Table  5.1;  the  rationale  for  their 
selection  is  given  in  the  following  paragraphs. 

5.6.  Variables  such  as  the  density  of  water  and  geometric  dimensions  were 
assigned  deterministic  values  due  to  their  very  low  coefficients  of  variation.  The  impact 
force  was  taken  as  a  deterministic  variable  for  sliding  analysis;  despite  its  relatively  large 
uncertainty,  its  magnitude  is  small  compared  to  other  forces  causing  sliding. 

5.7.  Soil  and  concrete  density.  The  expected  value  of  the  submerged  soil  density, 
0.0755  kef,  corresponds  to  a  total  soil  density  of  138  pcf  which  is  the  value  given  in  the 
condition  survey.  The  expected  value  of  concrete  density  was  taken  as  0.15  kef.  The 
coefficient  of  variation  of  5  percent  for  both  parameters  is  based  on  experience.  It  will 
be  shown  later  in  this  Part  that  uncertainty  in  density  contributes  little  to  the  overall 
uncertainty  and  could  be  neglected  in  the  analysis. 

5.8.  Soil  strength  parameters.  The  moments  of  the  soil  strength  parameters  0’ 
and  tan  0’  were  assigned  based  on  experience  and  judgment.  The  reader  is  referred  to 
Harr  (1987)  for  typical  coefficients  of  variation  for  soil  parameters.  First,  the  strength 
parameter  0’  was  assumed  to  have  a  mean  of  33  degrees  and  a  coefficient  of  variation  of 
10  percent,  which  corresponds  to  a  standard  deviation  of  3.3  degrees.  For  probabilistic 
analyses  in  geotechnical  engineering,  taking  the  parameter  tan  0’  as  the  random  variable 
rather  than  0’  is  often  preferred  as  it  simplifies  calculations  and  has  physical  significance 
as  it  represents  the  coefficient  of  internal  friction.  For  the  assumed  mean  and  standard 
deviation  of  <p\  the  corresponding  mean  and  standard  deviation  of  tan  0’,  (which  may  be 
estimated  by  Taylor’s  series  or  the  point  estimate  method  as  described  in  paragraphs  3.30 
and  3.32)  are  0.6525  and  0.08209  respectively. 

5.9.  Rock  strength  parameters.  The  probabilistic  moments  of  the  rock  strength 
parameters  c’  and  tan  <t>  for  various  data  groupings  have  been  discussed  in  detail  in  part 
IV.  The  means,  standard  deviations,  and  correlation  coefficients  selected  and  shown  in 
Table  5.1  were  chosen  to  model  a  rock  strength  somewhat  greater  than  that  for  the  soft 
shale  group  (a)  but  somewhat  less  than  that  of  the  soft  and  moderately  hard  shale  groups 
(ab)  taken  together. 
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Table  5.1 

Locks  and  Dam  No.  2.  Monolith  M-16 
Random  Variables  for  Sliding  Analysis 


Variable 

Mean 

a 

V.  % 

(1)  V'„„ 

0.0755  kef 

0.003775 

5 

(2) 

33  deg 

3.3  deg 

10 

(2)  tan 

0.6525 

0.08209 

12.58 

(3A) 

(peak) 

11.0  ksf 

0.77 

70 

(4A)  tan  0’^, 

(peak) 

1.50 

0.675 

45 

P c,0  (peak)  ~  -.70 

(3B) 

(residual) 

0 

0 

0 

(4B)  tan  0’^^ 

(residual) 

0.80 

0.40 

50 

^concrete 

.15  kef 

.0075  kef 

5 

(6A)  Uplift  parameter,  E 

0.6667 

0.1047 

15.7 

(6B) 

0250 

0.1443 

57.7 
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5.10.  Uplift  Factor.  The  distribution  of  uplift  pressure  on  the  base  of  a  monolith 
may  be  significantly  uncertain.  For  design  purposes,  the  variation  of  uplift  pressure  is 
often  taken  to  be  linearly  decreasing  from  headwater  pressure  at  one  side  of  the  base  to 
tailwater  pressure  at  the  other  side  of  the  base.  However,  observations  at  dam  structures 
where  piezometric  data  are  available  show  that  actual  uplift  pressures  may  often  be 
lower  than  this  assumption.  Conversely,  uplift  pressures  could  be  higher  than  the 
straight-line  assumption  where  drainage  is  blocked.  Uncertainty  in  the  uplift  pressure 
distribution  is  modeled  by  a  random  variable  E,  which  might  be  considered  a  drainage 
efficiency.  The  definition  of  E  is  in  figure  5.2.  The  common  assumption  of  a  linearly- 
vaiying  uplift  distribution  from  headwater  to  tailwater  corresponds  to  the  condition  E  = 

0;  the  assumption  of  the  uplift  pressure  equaling  tailwater  pressure  across  the  entire  base 
is  represented  by  the  condition  E  =  1.0,  and  the  assumption  of  headwater  pressure 
across  the  base  is  represented  by  E=-1.0.  Intermediate  E  values  correspond  to  condi¬ 
tions  between  these  conditons.  For  the  initial  analyses,  or  (A)  water  levels,  a  "default" 
the  value  of  E  reflecting  some  degree  of  drainage  (as  observed  under  dams)  was 
assumed.  For  this  case,  E  was  judged  to  be  closer  to  1.0  than  0.0.  Therefore,  it  was 
taken  to  have  a  beta  distribution,  with  limits  of  0.0  and  1.0,  and  an  expected  value  of 
2/3.  To  obtain  a  reasonable  standard  deviation,  a  spreadsheet  program  was  used  to  plot 
the  distribution,  and  a  value  of  0.1047  provided  a  reasonable  shape  as  shown  in  Figure 
5.3.  For  the  later  analyses  using  the  (B)  water  levels,  it  was  decided  model  a  lower  and 
perhaps  more  realistic  E  value.  E  was  taken  to  be  uniformly  distributed  on  the  interval 
(0,  0.50)  which  corresponds  to  an  expected  value  and  standard  deviation  of  0.25  and 
0.1443  respectively. 


Performance  Functions 

5.11.  Two  performance  functions  were  used  to  assess  sliding.  The  first,  termed 
the  simple  method,  takes  the  limit  state  as  the  event  that  the  ratio  of  driving  and 
resisting  forces  equals  one.  The  second,  termed  the  CSLIDE  method  is  based  on  the 
Corps  of  Engineers’  current  design  guidance  found  in  ETL  1110-2-256  (U.S.  Army,  1981) 
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^w=Ph-Pl 


P/4 

E=1.0 

U=/7;B 


E=0.5  ^ 

U  =  r2p^Ap^/2)B/2 


U  =  (P/+3/4Ap^/)B 
=  P/B  +  Ap^/{B+B/2)/2 


U 


E-=-0.1 


0.1  B 


Ph 


E+=  0.3 
E  =  0.1 


Figure  5.2  Definition  of  Hydraulic  Uplift  Force 


and  implemented  in  the  program  CSLIDE  (Pace  and  Noddin,  1987).  In  this  method  the 

limit  state  is  taken  as  the  event  that  the  factor  of  safety  obtained  from  CSLIDE  equals 
one. 

^•12.  Simple  method.  The  forces  acting  on  monolith  M-16  for  a  sliding  analysis 
are  shown  in  Figure  5.4.  In  the  simple  method,  the  performance  function  or  factor  of 
safety  was  taken  as  the  summation  of  the  resisting  forces,  R,  divided  by  the  summation 
of  the  driving  forces,  D.  The  resisting  forces  include  the  resisting-side  soil  force  and 
base  shear  force;  the  driving  forces  include  the  driving-side  soil  force  and  the  net  driving 
water  force.  Thus: 


R  =  c'b  +  N'tax^4>^  +  ^soii 


D  =  D. 


soil 


pool 


and 


In  the  equations  above,  the  cohesion  component  of  the  base  shear  force, 
c  B,  is  a  function  of  the  random  variable  The  frictional  component  of  the  base 
shear  force,  N’tan  0,  is  a  function  of  the  random  variable  the  uplift  random 
variable  U  and  the  random  variable  tan  0rock-  The  resisting  side  soil  force,  Rjr  is 
calculated  using  the  passive  pressure  coefficient,  Kp  =  tan^(45-t-0/2),  and  is  a  function  of 
the  random  variables  y  and  0’sou.  The  driving  side  soil  force,  D  is  calculated  nsing 
the  active  passive  pressure  coefficient,  =  tan^(45-0/2),  and  is  a  function  of  the 
random  variables  y’^j,  and  0’^^.  The  driving  water  force,  is  the  difference  of  the 
horizontal  water  forces  on  the  two  sides  of  the  structure.  The  effective  base  resultant 
force,  N’  is: 
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Forces  in  kips  per  lineal  foot 


Figure  5.4  Locks  and  Dam  No.  2,  Monolith  M-16,Free  Body  Diagram 
Sliding  Stability  Analysis — ^Maintenance  Condition 
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^  =  Koncy 


cone  i  cone 


^watery 


water 


-  u 


where  A^onc  and  are  the  cross-sectional  areas  of  the  concrete  and  the  water  above 
base.  The  uplift  force,  U,  is  in  turn  a  function  of  the  uplift  parameter  E,  and  the  total 
heads  at  the  driving-side  and  resisting-side  comers  of  the  base,  Hp,  and  Hr,  respectively: 


U=[H^  +  (0.5)  {1-E) 


CSLIDE  method.  In  the  CSUDE  method,  the  factor  of  safety  is  directly 
determined  using  the  computer  program  CSLIDE.  The  program  takes  the  factor  of 
safety  as  the  ratio  of  the  available  soil  and  rock  shear  strength  to  the  shear  stress 
required  for  equilibrium  of  a  group  of  soil  wedges,  water  wedges,  and  stmctural  wedges 
above  the  assumed  failure  planes.  CSLIDE  applies  a  trial  factor  of  safety  (equal  for  all 
soil  and  rock  materials)  to  the  strength  parameters  c’  and  tan  0’  in  an  iterative  manner 
until  a  value  is  found  which  satisfies  force  equilibrium  the  assumed  sliding  mass.  This 
value  is  taken  as  the  actual  factor  of  safety. 

Probabilistic  Models. 

5.14.  The  mean  and  standard  deviation  of  the  two  performance  functions  were 
determined  using  both  the  Taylor’s  series  method  and  the  point  estimate  method.  These 
four  combinations  provided  four  estimates  of  the  reliability  index  for  each  of  the  (A) 
pool  and  uplift  level  combinations  for  both  peak  and  residual  rock  strength  parameters, 
for  a  total  of  24  reliability  index  values.  Additionally,  the  (B)  pool  level  and  uplift 
combinations  were  analyzed  using  the  simple  method  and  peak  strengths  using  both  the 
Taylor’s  series  and  point  estimate  methods. 

5-15.  Simple  method  with  Taylor’s  series.  As  described  in  paragraph  3.30,  the 
expected  value  of  the  factor  of  safety  is  approximated  by  calculating  the  factor  of  safety 
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taking  all  variables  at  their  mean  values: 


E{FS]  =  FS{  ,  F[tan<t)^„^j,] - ] 

A  first  order  estimate  of  the  variance  of  the  factor  of  safety  is  obtained  by  summing  the 
variances  of  the  random  variables  each  multiplied  by  the  square  of  the  partial  derivative 
of  the  factor  of  safety  with  respect  to  the  random  variable.  To  account  for  correlation,  a 
second  summation  is  added.  Thus: 


Var  [F5]  =  5^  ( ^  Var  [Zj 


+ 


2E 


dFS  BFS 
dXj 


CoviXi^Xj) 


For  the  simple  method,  the  derivatives  were  obtained  analytically.  There  is  one 
covariance  term  for  each  combination  (Xj,  Xj,  where  i  does  not  equal  j)  of  random 
variables.  As  there  are  6  random  variables  in  the  analysis,  there  are  15  combinations  of 
two  random  variables  that  can  be  formed  from  six;  thus  there  are  6  variance  terms  and 
15  covariance  terms  in  the  above  equation.  However,  as  tan  and  Cjo^k 
correlated  variables,  all  but  one  of  the  covariance  term  are  zero.  A  detailed  example  of 
the  analysis  procedure  is  provided  in  Appendix  A. 

5.16  Simple  method  with  point  estimate  method.  The  point  estimate  method  has 
been  summarized  briefly  in  paragraphs  3.33  and  is  further  discussed  by  Rosenblueth 
(1975,  1981)  and  Harr  (1987).  To  obtain  the  probabilistic  moments  of  the  factor  of 
safety,  each  random  variable  is  represented  by  two  values,  or  "point  estimates,"  each  with 
an  associated  probability  concentration.  For  example,  the  random  variable  tan  (p  may 
assume  the  values  (tan  0+)  and  (tan  0.)  with  probabilities  P+  and  P.,  respectively.  For 
symmetrically  distributed  random  variables,  as  assumed  herein,  the  point  estimates  of  the 
random  variables  are  located  at  the  mean  plus  one  standard  deviation  and  the  mean 
minus  one  standard  deviation.  For  independent  random  variables,  the  probability 
concentrations  for  each  point  estimate  for  each  random  variable  are  0.5.  Where  two  of 
the  variables  are  correlated,  such  as  c  and  tan  <p  herein,  the  product  of  their  two  point 
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estimates  changes  from  (0.5)(0.5)  to 


(Pc  +  XPtan^.)  =  (Pc-)(Pta„^.)  =  (0.5)(0.5)  +  (0.25)(p,, 
and 

(Pc.XPtan^-)  =  (Pc.Xtan^J  =  (0.5)(0.5)  -  (0.25)(p,,  ^ 

For  p  =  -0.70  these  products  are  0.425  and  0.075  as  compared  to  0.25  and  0.25  for  the 
case  of  uncorrelated  variables.  The  factor  of  safety  is  calculated  for  each  possible 
combination  of  the  plus  and  minus  point  estimates,  which  requires  2*^  analyses,  where  N 
is  the  number  of  random  variables.  The  expected  value  of  the  factor  of  safety  is 
obtained  by  weighting  each  factor  of  safety  by  the  product  of  the  corresponding  probabil¬ 
ity  concentrations  and  summing  the  results.  For  six  random  variables,  64  calculations  of 
the  factor  of  safety  are  required.  The  mean  and  standard  deviation  of  the  factor  of 
safety  is  taken  as  the  mean  and  standard  deviation  of  the  2^  point  estimates.  A  conve¬ 
nient  way  to  obtain  the  standard  deviation  is  to  determine  the  variance  by  squaring  each 
factor  of  safety,  finding  the  expected  value  of  the  squares,  and  using  the  following 
identity: 


Var  [FS]  =  F[FF2]  -  (FCFF]  )  ^ 

The  numerous  analyses  required  were  accomplished  by  writing  a  simple  but  custom 
computer  program.  A  detailed  example  of  the  method  is  provided  in  appendix  A, 

5-17.  CSLIDE  method  with  Tavlof  s  series.  The  analysis  using  CSLEDE  with 
Taylor’s  series  is  similar  in  concept  to  that  described  above  for  the  simple  method, 
except  that  the  factor  of  safety  function  is  evaluated  using  CSLEDE.  The  required  partial 
derivatives  were  obtained  numerically  as  described  in  paragraph  331  by  taking  all 
random  variables  at  their  mean  values  except  the  variable  for  which  the  partial  derivative 
is  required.  Two  program  runs  were  made  with  this  random  variable  taken  a  uniform 
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increment  above  and  below  its  mean  and  the  partial  derivative  was  taken  as  the  change 
in  factor  of  safety  divided  by  the  difference  of  the  two  values  used  for  the  random 
variable.  For  functions  that  are  non-linear  with  respect  to  one  or  more  variables,  the 
value  of  the  partial  derivative  depends  on  the  increment  used.  Although  very  small 
increments  should  normally  be  used  to  precisely  estimate  a  derivative  at  a  particular 
point,  a  broader  increment  equal  to  the  standard  deviation  was  used  herein  to  better 
model  the  variability  of  the  function  over  a  broad  range  of  the  random  variable.  Thus 
the  required  partial  derivatives  were  obtained  as  follows: 

dFS  ^  FSiX+Oj^)  -  FSiX-Oji) 
dX  2a  ^ 

Hie  use  of  Taylor’s  series  with  numerically  estimated  derivatives  requires  2N  +  1 
analyses,  where  N  is  the  number  of  random  variables.  The  2N  runs  are  used  to  obtain 
the  derivatives,  and  the  additional  run  provides  the  mean.  For  six  random  variables,  13 
runs  of  Taylors’s  series  were  required, 

5.18.  CSLIDE  method  with  point  estimate  method.  The  combination  of  CSLEDE 
and  point  estimate  method  is  analyzed  similarly  to  that  for  the  simple  method,  except 
that  the  function  used  for  the  factor  of  safety  is  obtained  from  CSLIDE.  As  six  random 
variables  would  require  64  runs  of  CSLIDE,  only  the  four  most  significant  random 
variables  were  used,  reducing  the  required  runs  to  16.  The  variables  and  Yconcrcte 
were  taken  as  deterministic,  leaving  the  random  variables  c^^^,  tan  E, 

5.19.  Definition  of  Reliability  Index.  For  all  analyses,  the  reliability  index  is 
defined  using  the  lognormal  definition  described  in  paragraph  3.35. 

Results 


5.20.  Results.  Results  of  the  analyses  are  shown  in  Tables  5.2  and  5.3  for  assump¬ 
tions  of  peak  and  residual  strength,  respectively. 
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Discussion 


5.21.  Ejected  Values  of  Fsctor  of  Safety.  For  all  combinations  of  deterministic 
and  probabilistic  models  and  strength  assumptions,  the  greatest  expected  factor  of  safety 
is  obtained  for  the  high  water  case.  The  factor  of  safety  is  slightly  somewhat  lower  for 
the  normal  operating  case,  and  considerably  lower  (but  more  than  adequate)  for  the 
maintenance  (B)  case.  The  minimum  value  of  2.33  is  obtained  using  the  simple  method 
as  the  performance  function,  either  probabilistic  model,  and  assuming  residual  strengths. 
The  minimum  expected  factor  of  safety  for  the  peak  strength  assumption  is  10.01  and 
occurs  for  similar  assumptions.  Such  values  are  typically  associated  with  well-performing 
structures  and  the  structure  considered  has  in  fact  performed  well  with  regard  to 
stability. 

5-22.  Reliability  Indices.  For  the  peak  strength  assumption,  reliability  indices  are 
typically  in  the  range  8-10  for  the  high  water  and  normal  operating  cases,  and  6  to  8  for 
the  maintenance  cases.  These  values  indicate  a  high  degree  of  reliability.  The  miniTrmm 
value  of  2.15  was  obtained  using  the  simple  method  as  the  performance  function,  nging 
Taylor’s  series  to  obtain  probabilistic  moments,  and  assuming  residual  strength.  Based 
on  the  history  of  the  structure,  it  is  not  perceived  that  the  use  of  residual  strengths, 
values  in  fact  reflect  prevailing  conditions;  the  analyses  were  performed  to  provide  a 
comparison. 

5-23.  ^ect  of  Performance  Function.  In  some  case,  the  CSUDE  method 
provided  lower  reliability  indices  that  did  the  simple  method.  In  other  cases,  the 
situation  was  reversed.  When  the  point  estimate  method  was  used,  the  CSLIDE  method 
generally  provided  higher  reliability  indicies. 

5-24.  Effect  of  Probabilistic  Model.  For  the  simple  method,  the  Taylor’s  series 
and  point  estimate  methods  produce  nearly  identical  results,  which  should  be  expected  as 
the  factor  of  safety  for  this  method  is  a  linear  function.  Results  were  close  even  though 
tit®  Taylor  s  series  used  six  random  variables  and  the  point  estimate  method  only  four. 
For  the  CSLIDE  method,  wherein  the  factor  of  safety  function  is  nonlinear  with  respect 
to  strength,  the  Taylor’s  series  method  produced  lowere  values  for  both  the  expected 
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Table  5.2 


Locks  and  Dam  No.2.  Monolith  M-16 
Results  of  Sliding  Analyses  Using  Peak  Strengths 


Condition 

Deterministic 

Probabilistic 

E[FS] 

2fs 

§L 

Model 

Model 

Normal 

Simple  method 

Taylor  series 

28.96 

10.17 

9.70 

operating  (A) 

Simple  method 

Point  estimate 

28.97 

10.17 

9.70 

CSLIDE 

Taylor  series 

30.00 

11.31 

9.02 

CSLIDE 

Point  estimate 

31.38 

11.29 

10.77 

Maintenance  (A) 

Simple  method 

Taylor  series 

13.47 

4.49 

7.85 

Simple  method 

Point  estimate 

13.48 

4.49 

7.86 

CSLIDE 

Taylor  series 

13.12 

4.70 

7.18 

CSLIDE 

Point  estimate 

13.77 

4.70 

8.61 

High 

Simple  method 

Taylor  series 

33.13 

12.42 

9.47 

Water  (A) 

Simple  method 

Point  estimate 

33.15 

12.42 

9.47 

CSLIDE 

Taylor  series 

35.77 

13.98 

9.15 

CSLIDE 

Point  estimate 

37.32 

13.95 

10.94 

Normal 

Simple  method 

Taylor  series 

22.47 

8.22 

8.60 

Operation  (B) 

Simple  method 

Point  estimate 

22.48 

825 

6.59 

Maintenance  (B) 

Simple  method 

Taylor  series 

10.01 

3.49 

6.64 

Simple  method 

Point  estimate 

10.01 

3.49 

6.64 

5-16 


Table  5.3 


Locks  and  Dam  No.2.  Monolith  M-lfi 
Results  of  Sliding  Analyses  Using  Residual  Strengths 


Condition 

Deterministic 

Model 

Probabilistic 

Model 

E[FS] 

^FS 

§. 

Normal 

Simple  method 

Taylor  series 

6.70 

2.51 

5.06 

operating  (A) 

Simple  method 

Point  estimate 

6.73 

232 

5.08 

CSLIDE 

Taylor  series 

6.06 

2.76 

3.95 

CSUDE 

Point  estimate 

6.60 

2.75 

4.53 

Maintenance  (A) 

Simple  method 

Taylor  series 

3.25 

124 

3.01 

Simple  method 

Point  estimate 

3.26 

1.24 

3.02 

CSLIDE 

Taylor  series 

2.80 

129 

224 

CSLIDE 

Point  estimate 

3.09 

1.31 

2.67 

High 

Simple  method 

Taylor  series 

7.25 

2.64 

5.44 

Water  (A) 

Simple  method 

Point  estimate 

728 

2.65 

5.46 

CSLIDE 

Taylor  series 

6.94 

320 

420 

CSLIDE 

Point  estimate 

7.54 

3.10 

4.91 

Normal 

Simple  method 

Taylor  series 

5.01 

220 

4.40 

Operation  (B) 

Simple  method 

Point  estimate 

5.03 

2.19 

437 

Maintenance  (B) 

Simple  method 

Taylor  series 

233 

1.53 

2.15 

Simple  method 

Point  estimate 

233 

1.52 

2.15 
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factor  of  safety  and  the  reliability  index  than  did  the  point  estimate  method.  For  the 
CSLIDE  method,  the  Taylor’s  series  approach  is  more  conservative.  The  differences  arise 
because  the  probability  of  a  high  strength  is  reflected  for  in  the  Taylor’s  series  method 
only  as  one  linear  addition  to  the  variance  term.  On  the  other  hand,  with  the  point 
estimate  method,  half  the  numbers  reflect  a  high  expected  strength  and  half  reflect  a  low 
expected  strength,  and  the  expected  value  increases  accordingly. 

5.25.  Contributions  to  Uncertainty.  An  advantage  of  the  Taylor’s  Series  approach 
is  that  the  portion  of  the  overall  imcertainty  contributed  by  each  random  variable  can  be 
explicitly  determined.  Recalling  the  expression  for  the  variance  of  the  factor  of  safety 
from  paragraphs  3.30  and  5.15,  it  is  obtained  by  summing  variance  of  with  each  random 
variable  multiplied  by  the  partial  derivative  of  the  factor  of  safety  with  respect  that  to 
random  variable.  These  terms  thus  reflect  each  variable  relative  contribution  to  total 
uncertainty.  To  illustrate,  the  values  of  the  terms  for  the  normal  operating  (A)  case  are 
as  follows: 


Variable 

Variable  Term 

^rock 

147.02 

t^^rock 

16.01 

Cov,,u„^ 

-67.92 

^concrete 

0.39 

E 

0.004 

Vsoil 

0.015 

^soil 

0.658 

Total 

96.17 

For  the  considered  problem,  over  98  percent  of  the  total  variance  (uncertainty)  is 
contributed  by  the  uncertainty  regarding  the  strength  parameters  of  the  foundation  rock. 
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PART  VI:  DEVELOPMENT  OF  A  METHODOLOGY  FOR 
OVERTURNING  ANALYSIS: 

LOCKS  AND  DAM  NO.  2,  MONOLITH  M-16 

Problem  Description 

6.1,  Locks  and  Dam  No.  2  and  monolith  M-16  have  been  described  in  Part  V.  In  this 
part,  the  same  loading  cases,  water  levels  and  uplift  assumptions  analyzed  for  stability  against 
sliding  are  analyzed  for  stability  against  overturning.  Again,  several  limit  states  and  probabil¬ 
istic  models  are  considered  for  comparison. 

Characterization  of  Random  Variables 

6.2.  Random  variables  relevant  to  overturning  analysis  include  the  soil  strength 
parameter  <t)’,oa,  the  submerged  density  of  the  backfill  soil,  the  density  of  concrete, 
Yconoete*  t^e  upMft  parameter  E,  and  a  horizontal  force  F  representing  barge  impact  or  a  hawser 
force.  The  probabilistic  moments  of  the  five  random  variables  are  summarized  in  Table  6.1. 
The  values  for  the  first  four  random  variables  are  the  same  as  used  for  the  sliding  analyses. 
The  lateral  force  F  is  taken  to  have  an  expected  value  of  1.0  kip  per  lineal  foot  with  a 
coefficient  of  variation  of  50  percent  The  expected  value  of  1.0  kip  per  foot  is  consistent 
with  previous  analyses  by  the  Corps  of  Engineers,  and  the  50  percent  coefficient  of  variation 
implies  a  relatively  high  degree  of  uncertainty.  Although  the  force  F  was  taken  as  determin¬ 
istic  for  sliding  analysis,  it  is  taken  as  probabilistic  for  overturning  analysis  due  to  its  greater 
numerical  significance  and  contribution  to  uncertainty  for  this  case:  it  acts  at  a  relatively  long 
moment  arm  and  the  uncertainty  associated  with  the  strength  of  the  base  rock  which  dominat¬ 
ed  the  sliding  analysis  does  not  enter  into  the  overturning  analysis. 
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Table  6.1 

Locks  and  Dam  No.  2.  Monolith  M-16 
Random  Variables  for  Overtuminp  Analysis 


Variable 

Mean 

a 

V,  % 

(1)  y’soa 

0.0755  kef 

0.003775 

5 

(2) 

33  deg 

3.3  deg 

10 

(2)  tan 

0.6525 

0.08209 

12.58 

(3)  Yconcrete 

0.15  kef 

.0075  kef 

5 

(4  A)  Uplift  parameter,  E 

0.6667 

0.1046 

15.7 

(4B) 

0.250 

0.1443 

57.7 

(5)  Lateral  force,  F 

1.0  kips/ft 

0.5 

50 

Perfoimance  Fimctions 

6.3.  Two  functions  were  used  to  characterize  performance  with  respect  to  overturning: 
the  overturning  factor  of  scfety  and  the  location  of  the  effective  base  resultant  force.  These 
are  described  below. 

6.4.  Overturning  Factor  of  Safety  The  ftee  body  analyzed  consisted  of  all  concrete, 
water  and  other  materials  between  the  vertical  projections  of  the  two  ends  of  the  base.  The 
free  body  is  illustrated  in  figures  6.1  through  figure  6.3  for  the  three  (A)  conditions  analyzed. 
Moments  were  calculated  about  a  point  of  rotation  at  the  edge  of  the  base  on  the  low  water 
side  and  the  safety  factor  was  taken  as  the  ratio  of  resisting  mnmp.nts  to  driving  moments: 


FS  = 
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Forces  in  kips  per  lineal  foot 


Figure  6.1  Locks  and  Dam  No.  2,  Monolith  M-16Ji’ree  Body  Diagram 
Overturning  Stability  Analysis — Normal  Operating 
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Figure  6.2  Locks  and  Dam  No.  2,  Monolith  M-16,Free  Body  Diagram 
Overturning  Stability  Analysis— Maintenance  Condition 


6 


N' 

Forces  in  kips  per  lineal  foot 


Figure6.3  Locks  and  Dam  No.  2,  Monolith  M-16,Free  Body  Diagram 
Overturning  Stability  Analysis— High  Water  Condition 
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In  the  above  equation,  the  resisting  moment  was  taken  as  the  sum  of  moments  due  to 
concrete  weight,  water  weight,  and  resisting-side  lateral  soil  force: 


The  overturning  moment  was  taken  as  the  sum  of  moments  due  to  the  driving-side  lateral  soil 
force,  the  external  horizontal  force  and  the  net  moment  due  to  water  pressure  on  the  firee 
body: 

+  (Ppoolwaur-  PfaihmJy  +  Ux  + 


In  the  factor  of  safety  method,  the  limit  state  is  taken  as  the  event  that  the  factor  of  safety 
equals  1.0.  As  the  factor  of  safety  is  a  ratio  and  must  be  non-zero,  the  lognormal  definition 
of  the  reliability  index  is  used  as  defined  in  paragraph  3.35. 

6.5.  Base  Resultant  Location.  Recent  Corps’  criteria  (U.S.  Army,  1989)  for  wall 
design  assesses  rotational  stability  in  terms  of  the  location  of  the  effective  resultant  force  on 
the  base  rather  than  a  factor  of  safety.  Various  locations  of  the  base  resultant  (e.g.,  middle- 
third,  middle  half)  are  permitted  for  various  loading  conditions.  The  event  that  the  base 
resultant  is  located  at  the  end  of  the  base  is  equivalent  to  the  event  that  the  ratio  of  resisting 
moments  to  driving  moments  equals  1.0  and  overturning  is  impending;  thus  this  event  is  a 
true  limit  state.  However,  as  the  base  resultant  approaches  the  end  of  the  base,  undesirable 
stress  conditions  are  likely.  Near  the  point  of  rotation,  stresses  will  be  very  high  and  bearing 
capacity  problems,  cracking,  or  overstress  of  the  structure  or  foundation  may  be  of  concern. 
At  the  opposite  end  of  the  base,  stresses  will  be  very  low  or  zero.  If  the  effective  base 
pressure  distribution  is  assumed  to  be  linear,  tensile  stresses  or  separation  of  the  base  from 
the  foundation  will  occur  if  the  resultant  is  outside  the  middle  third  of  the  base  (i.e.,  the  kerri) 

6.6.  Accordingly,  several  additional  probabilistic  measures  were  defined  in  terms  of 
the  base  resultant  location:  the  reliability  index  with  respect  the  resultant  being  within  the 
base,  the  reliability  index  with  respect  to  the  resultant  being  within  the  kem  (or  B/3  from 
the  toe),  or  and  nxasures  relative  to  the  resultant  being  in  the  midHIft  one-half  (Pj^ 
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and  in  the  middle  two- thirds  (Pi/s).  To  calculate  these  measures,  these  first  the  mean  and 
standard  deviation  of  the  distance  from  the  toe  to  the  resultant  force,  Xr,  are  determined  using 
the  assumed  conditions  and  random  variables  in  conjunction  with  the  Taylor’s  series  or  point 
estimate  method.  As  the  base  resultant  location,  is  a  distance  Xr  rather  than  a  product  or 
ratio,  it  is  taken  as  a  normally  distributed  random  variable.  The  reUabUity  index  with  respect 
to  the  toe,  is  the  number  of  standard  deviations  the  resultant  location,  Xr,  is  from  the  toe: 


Where  Xr  is  greater  than  one-half  the  base  width  (B/2),  eccentricity  is  negative  and  Xr  should 
be  measured  from  the  opposite  end  of  the  base.  This  may  occur  on  certain  stractmes  such  as 
retaining  waUs  with  relatively  long  heels.  This  can  be  checked  by  taking  p  as  the  Tninimnni 
of  the  above  equation  and 


= 


B-mx,] 


6.7.  The  reliabihty  index  with  respect  to  the  kern,  p^  or  Pi^j,  is  measure  of  the 
likelihood  that  the  resultant  force  is  within  the  kern.  The  event  that  the  resultant  is  within  at 
the  middle  third  or  boundary  of  the  kem  is  not  a  limit  state  in  the  usual  sense,  but  might  be 
termed  a  performance  state  as  it  represents  a  transition  from  a  more  desirable  stress  state  (100 
percent  of  the  base  in  compression)  to  a  less  desirable  stress  state  (less  than  100  percent  of 
the  base  in  compression).  Assuming  the  same  normal  distribution  on  the  resultant  force 
location,  Picgn,  measures  the  distance  from  the  resultant  to  the  nearest  third  point  or  kem 
boundary  and  is: 
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Continuing  with  the  same  reasoning. 


PlM  “ 


£IXJ-| 


where  P1/4  and  are  measures  of  the  likelihood  that  the  resultant  force  is  within  the  middle. 
half  and  middle  two-third  of  the  base,  respectively. 

Probabilistic  Models 


6.8.  ITie  overturning  analyses  assume  five  random  variables  which  were  all  taken  as 
independent  The  Taylor’s  series  formulation  is  similar  to  that  for  sliding.  For  five  random 
variables,  the  required  five  partial  derivatives  can  be  directly  calculated  analytically  or 
numerically  approximated  using  ten  analyses.  In  the  present  case,  tiiey  were  obtained  analyti¬ 
cally.  The  point  estimate  method  also  follows  the  same  formulation  as  for  sliding;  five 
random  variables  required  32  analyses.  A  detailed  example  of  the  method  used  is  provided  in 
Appendix  B. 


6-8 


Results 


6-9.  Reliability  Indices.  The  results  of  the  overturning  analyses  are  shown  in 
Tables  6.2  through  6.4. 


Table  6.2 


Locks  and  Dam  No.  2.  Monolith  M-16. 


Results  of  Overtumine  Analyses- 

Factor  of  Safety 

Condition 

Probabilistic 

EfFSl 

S=s 

Model 

Maintenance  (A) 

TS 

2.24 

0.14 

13.13 

PE 

2.24 

0.14 

13.14 

Normal  Operating  (A) 

TS 

1.88 

0.076 

15.83 

PE 

1.88 

0.075 

15.82 

High  Water  (A) 

TS 

1.53 

0.050 

12.92 

PE 

1.53 

0.050 

12.92 

Normal  Operation  (B) 

TS 

1.71 

0.073 

12.54 

PE 

1.67 

0.067 

12.76 

Maintenance  (B) 

TS 

1.64 

0.111 

7.22 

PE 

1.64 

0.111 

7.25 
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Table  6.3 


Locks  and  Dam  No.  2,  Monolith  M-16. 
Results  of  Overturning  Analyses-  Resultant  Location 


Condition 

Probabilistic 

Model 

Ace 

4,6 

4/4 

Maintenance 

TS 

17.75 

.36 

48.8 

28.4 

18.2 

8.01 

(A) 

PE 

17.73 

.37 

48.3 

28.1 

18.0 

7.88 

Normal  Operation 

TS 

19.04 

.27 

71.6 

43.6 

29.7 

15.8 

(A) 

PE 

19.02 

.27 

71.0 

43.3 

29.4 

15.6 

High  Water 

TS 

18.74 

.26 

71.7 

43.3 

29.1 

15.0 

(A) 

PE 

18.72 

.26 

71.1 

42.9 

28.9 

14.8 

Normal  Operation 

TS 

17.46 

.37 

46.7 

26.9 

16.9 

7.03 

(B) 

PE 

17.06 

.45 

38.0 

21.5 

13.2 

4.94 

Maintenance 

TS 

13.97 

0.83 

16.9 

7.92 

3.44 

-1.04 

(B) 

PE 

13.91 

0.84 

16.5 

7.72 

3.31 

-1.10 

Discussion 


6.10.  As  might  be  expected  for  a  simple  concrete  gravity  stmcture  with  balanced  soil 
loads  on  both  sides,  the  P  values  are  in  general  quite  high  for  most  conditions  even  when 
is  considered.  Aldiough  very  large  values  are  reported  for  con^)arisons,  P  values  above 
perhaps  8  to  10  have  little  meaning  in  the  comparative  sense;  the  structure  is  very  reliable 
against  ovatuming  and  expenditures  for  remedial  work  in  this  regard  are  not  foreseen.  For  a 
few  analyses,  such  as  maintenance  (B),  negative  values  for  3,,^  are  calculated.  These 
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negative  values  imply  that  the  resultant  is  more  likely  to  be  out  side  the  kem  for  the 
considered  conditions. 

6.11.  Effect  of  Probabilistic  Model.  The  P  values  determined  by  the  Taylor’s  series 
method  and  the  point  estimate  method  are  nearly  equal  in  all  cases.  This  is  to  be  expected  as 
the  both  the  factor  of  safety  and  the  resultant  ratio  are  "well  behaved"  functions  and  not 
significantly  non-linear. 

6.12.  Effect  of  Performance  Function.  Comparison  of  factors  of  safety  vs  P  values 
provides  same  insight  regarding  the  effects  of  large  and  small  uncertainty  in  the  underlying 
variables;  even  a  factor  of  safety  as  low  as  1.50  may  coixespond  to  a  very  reliable  situation 
(P  ~  13).  This  is  due  to  the  dominance  of  moments  with  low  uncertainty  (e.g  water)  over 
moments  with  high  uncertainty  (e.g  soil).  In  conventional  analysis,  only  the  values  of  these 
moments  are  incorporated  in  the  analysis  and  any  measure  of  their  uncertainty  or  likelihood  is 
disregarded.  Probabilistic  analysis  explicitly  include  such  information. 
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PART  VII:  DEVELOPMENT  OF  A  METHODOLOGY  FOR 
BEARING  CAPACITY  ANALYSIS 
LOCKS  AND  DAM  NO.  2,  MONOLITH  M-16 

Problem  Description 

7.1.  Locks  and  Dam  No.  2  and  monolith  M-16  have  been  described  in  detail  in  Part 
V.  In  this  part,  reliability  against  bearing  capacity  failure  is  evaluated  for  the  three  (A) 
loading  conditions. 


Comments  on  Performance  Mode 


7.2.  In  the  formulation  of  the  study,  it  was  envisioned  that  a  number  of  example 
analyses  would  be  performed  for  sliding,  overturning,  and  bearing  capacity  performance 
modes  for  several  structures  to  serve  as  modes  for  further  studies  on  other  locks  and  dams. 
In  the  course  of  the  study,  it  became  evident  that  the  selected  structures  were  poor  examples 
for  bearing  capacity  analysis  as  they  are  founded  on  competent  rock.  These  conditions 
presented  several  difficulties: 

(1) .  Factors  of  safety  calculated  using  conventional  bearing  capacity  equations  are 
extremely  high  (100  or  more)  and  bearing  failures  in  competent  rock  are  not  a 
realistic  failure  mode.  No  expenditures  are  foreseen  to  improve  the  bearing  capacity 
of  rock  foundations. 

(2) .  The  bearing  capacity  factors  Nq  and  N.^  are  highly  non-linear  and  become 
extremely  large  as  <t>  values  exceed  45  degrees.  As  the  foundation  rock  strength 
parameters  have  both  high  expected  values  and  high  coefficients  of  variation,  use  of 
either  the  point  estimate  method  or  the  Taylor’s  series  method  with  numerically- 
obtained  derivatives  requires  calculating  bearing  capacity  for  <t>  values  as  high  as  80 
degrees.  This  is  a  condition  for  which  the  equations  and  certain  empirical  terms 
were  never  intended.  (For  example,  Meyerhofs  N^  is  equal  to  (Nq-l)tan(1.40)  and 
for  0  values  greater  than  60  degrees,  1.40  exceeds  90  degrees). 


To  better  assess  how  bearing  capacity  analysis  can  be  performed  probabilistically,  two  sets 
of  analyses  were  performed: 
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1.  In  the  first  set  of  analyses,  the  coefficient  of  variation  of  tan  <p  was  arbitrarily 
reduced  from  45  percent  to  30  percent,  which  was  sufficient  to  prevent  certain 
calculated  values  from  approaching  infinity. 

2.  In  the  second  set  of  analyses,  it  was  assumed  that  the  monolith  was  on  a  sand 
foundation  rather  than  competent  rock.  Although  this  has  no  physical  significance 
to  Locks  and  Dam  No.  2,  it  provides  a  reasonable  example  of  reliability  analysis  for 
bearing  capacity. 


Performance  Function 


7.3.  All  bearing  capacity  analyses  were  performed  using  Meyerhofs  method  which 
is  consistent  with  procedures  used  in  the  program  CBEAR  (Mosher  and  Pace  1982); 
however,  CBEAR  was  not  used  as  it  is  not  readily  amenable  to  performing  numerous  runs 
with  differing  parameters.  Rather,  simple,  special-purpose  computer  programs  were 
developed.  The  ultimate  bearing  capacity  can  be  expressed  as: 

Quit  = 

The  limit  state  was  taken  as  the  event  that  the  factor  of  safety,  or  ratio  of  the  ultimate 
bearing  force  Qu,,  to  the  effective  base  resultant  force,  N’,  equals  one. 

Bearing  Capacity  of  Rock  Foundation 

7.4.  Random  Variables.  Nine  random  variables  were  considered  in  the  bearing 
capacity  analyses.  Their  values  are  summarized  in  Table  7.1.  The  effective  soil  density,  y’ 
is  used  to  calculate  the  surcharge  in  the  second  term  of  the  bearing  capacity  equation. 
The  rock  density,  is  converted  to  an  effective  density  and  used  in  the  third  term  of  the 
equation.  The  cohesion,  c,  is  used  in  the  first  term.  The  fiiction  angle  0’iock  is  used  to 
evaluate  the  terms  N^.,  N^,  and  N^.  The  concrete  density,  Yconcrete»  uplift  parameter  E, 
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Table  7.1 

Locks  and  Dam  No,  2.  Monolith  M-16 
Random  Variables  for  Bearing  Analysis  on  Rock  Foundation 


Variable 

Mean 

c 

(1)  Y’soil 

0.0755  kef 

0.003775 

5 

(2)  Y  rock 

0.147 

0.00735 

5 

(3)  w 

11.0  ksf 

0.77 

70 

(peak) 

(4)  tan  0’^^ 

1.50 

0.450 

30 

(4)  0’  rock 

54.66  deg 

7.926 

14.5 

Pc.0  (peak)  ”.70 

(3)  Yconcrete 

.15  kef 

.0075  kef 

5 

(6)  Uplift  parameter,  E 

0.6667 

0.1047 

15.7 

(7)  lateral  force,  F 

1.0  kip/ft 

0.50 

50.0 

(8)  resultant 
location,  Xr 

normal  (A) 

19.04  ft 

0.267 

1.40 

maintenance  (A) 

17.75 

0.364 

2.05 

high  water  (A) 

18.74 

0.261 

1.40 

(9)  resultant 
inclination,  a 

normal  (A) 

8.16  deg 

0.593 

7.26 

maintenance  (A) 

16.73 

1.047 

6.26 

high  water  (A) 

7.25 

0.577 

7.96 
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and  the  lateral  force, F  are  used  to  determine  the  magnitude  of  the  effective  base  resultant 
force,  N’.  The  location  and  inclination  of  the  base  resultant  force  Xr  and  a,  are  taken  as 
random  variables  with  means  and  standard  deviations  obtained  from  the  overturning 
analyses, 

7.5  Results  Results  of  the  analyses  are  shown  in  Table  7.2.  It  will  be  noted  that  the 
P  values  obtained  using  for  the  point  estimate  method  are  approximately  twice  as  high  as 
those  from  Taylor’s  series  for  the  point  estimate  method.  These  differences  are  due  to  the 
calculated  mean  values  of  the  ultimate  bearing  capacity  being  more  than  ten  times  greater 
for  the  point  estimate  method  than  for  the  Taylor’s  series  method.  With  the  Taylor’s  series 
method,  the  mean  value  of  the  function  is  obtained  using  a  first-order  approximation  by 
evaluating  the  function  with  all  random  variables  taken  at  their  mean  values.  Due  to  the 
great  degree  of  nonlinearity  of-  the  Nq  and  terms,  the  mean  of  the  function  is 
underestimated  by  such  first  order  methods.  With  the  point  estimate  method,  the  mean  is 
taken  as  the  mean  of  2^  function  values  obtained  using  the  various  point  estimates;  half  the 
point  estimates  are  one  standard  deviation  above  the  mean  and  half  are  one  standard 
deviation  below.  As  the  performance  function  is  highly  non-linear,  the  effect  of  the  "plus" 
point  estimates  dominates,  yielding  a  higher  expected  value. 

Bearing  Capacity  of  Assumed  Sand  Foundation 

7.6.  As  discussed  in  paragraph  7.2,  bearing  capacity  is  not  a  performance  mode  of 
real  concern  for  competent  rock  foundations  and  traditional  bearing  capacity  equations  such 
as  Meyerhofs  and  others  are  not  intended  for  rock  materials.  To  provide  a  more 
representative  example,  analyses  were  repeated  for  an  assumed  foundation  on  clean  sand. 
Table  7.3  summarizes  results  assuming  foundation  parameters  E[0]  =  32  degrees  and 
=  10  percent.  Similar  analyses  performed  for  expected  0  values  of  30  and  35  degrees  and 
coefficients  of  variation  of  5  and  15  percent  produced  similar  results.  As  the  expected  value 
of  0  is  one  typically  used  in  bearing  capacity  calculations,  and  the  coefficient  of  variation 
is  small,  the  results  of  the  Taylor’s  series  and  point  estimate  methods  are  much  more 
consistent  for  this  case. 
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Table  7.2 

Locks  and  Dam  No.  2.  Monolith  M-16 
Results  of  Bearing  Analyses  for  Rock  Foundation 


Loading 

Condition 

Method 

Eiaj 

ridps/ft^ 

n: 

(Idps/ft) 

E[FS] 

^Qult 

(Mp.s/ft) 

£ 

Normal 

Taylor’s 

621,408 

168 

3,709 

1,210,046 

5.93 

Operating 

PE 

9,145,500 

168 

54,594 

9,056,850 

12.33 

Maintenance  Taylor’s 

417,780 

187 

2,232 

787,670 

5.63 

PE 

5,806,557 

187 

31,025 

5,768,565 

11.62 

High  Water 

Taylor’s 

627,622 

147 

4,283 

1,220,328 

6.05 

PE 

5,185,996 

147 

62,681 

9,096,175 

12.48 

Table  7.3 

Locks  and  Dam  No.  2.  Monolith  M-lfi 
Results  of  Bearing  Analyses  for  Assumed  Sand  Foundation 


Loading 

Condition 

Method 

m,.] 

('Idps/ftl 

n: 

(kips/ft’) 

EIFSl 

^ult 

S. 

Normal 

TS 

17,158 

168 

102 

7,497 

10.72 

Operating  (A) 

PE 

16,237 

168 

97 

8,170 

9.06 

Maintenance  (A) 

TS 

12,395 

187 

66 

5,746 

9.19 

PE 

11,622 

187 

62 

6,264 

7.61 

High  Water  (A) 

TS 

17,364 

147 

119 

7,559 

11.06 

PE 

16,430 

147 

112 

8,237 

9.37 
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Discussion 


7.7.  The  general  bearing  capacity  equation  is  non-linear,  and  the  effects  of  non¬ 
linearity  became  much  more  pronounced  as  <t>  become  large.  The  competent  foundation 
rock  on  the  Monongahela  River  have  high  c  and  <p  values  but  their  magnitudes  are  quite 
uncertain,  and  thus  these  parameters  have  been  assigned  large  coefficients  of  variation. 
Taken  together,  these  three  items  lead  to  a  situation  for  which  the  reliability  analysis 
techniques  in  part  4  are  not  amenable.  Calculated  f3  values  differ  greatly  depending  on  the 
probabilistic  method  employed.  For  the  highly-nonlinear  conditions  involved  with  the  rock 
foundation,  calculated  values  for  mean  and  standard  deviation  of  the  ultimate  bearing 
capacity  were  more  than  ten  times  greater  for  the  point  estimate  method  than  for  the 
Taylor’s  Series  method.  Comparison  of  the  underlying  assumptions  of  the  two  method 
suggests  that  the  values  obtained  using  the  point  estimate  method  are  more  correct.  The 
Taylor’s  method  neglects  terms  above  the  first  order,  which  may  be  significant  for  non-linear 
equations.  The  point  estimates  method  solution  reflects  some  of  the  non-linearity  in  its  use 
of  point  estimate  above  and  below  the  mean.  Based  on  the  point  estimate  method,  the 
reliability  indices  are  above  eleven,  which  indicates  a  high  degree  of  reliability. 

7.8.  Some  of  the  problems  with  non-linearity  might  be  avoided  using  the  iterative 
Hasofer-Iind  mehtod  (described  in  paragraph  3.36)  to  determine  the  reliability  index.  This 
was  beyond  the  scope  of  the  present  study  and  it  was  also  apparent  that  bearing  capacity 
would  not  govern  reliability. 

7.9.  For  the  assumed  sand  foundation,  results  of  the  Taylor’s  series  and  point 
estimate  method  were  much  more  consistent. 

7.10.  The  correlation  of  the  strength  parameteis  c  and  <p  greatly  affects  the  results 
of  the  analysis.  The  more  negatively  correlated,  the  greater  the  reliability  index. 
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PART  Vni:  CHARACTERIZAHON  OF  ANCHOR  RELIABILITY 
FOR  LOCKS  AND  DAM  NO.  3 

Introduction 


8.1.  Permanent  anchraage  to  rock  has  been  a  common  technique  to  remedy  stability 
problems,  including  those  at  Corps’  locks  and  dams.  This  part  reviews  the  engineering 
aspects  of  ground  anchors  with  a  view  toward  defining  the  parameters  necessary  to 
quantitatively  characterize  their  capacity  as  a  component  in  sliding  and  overturning  reliability 
analyses. 

8.2.  A  condition  survey  and  stractural  investigation  of  Locks  and  Dam  3  on  the 
Monongahela  River  in  the  Pittsburgh  District  was  conducted  in  1974-1975.  The  investigation 
(USAEWES,1976)  concluded  that  the  locks  and  dam,  the  oldest  in  the  Pittsburgh  District, 
suffer  a  severe  degree  of  deterioration  that  might  accelerate.  A  major  rehabilitation  program 
was  in^lemented  in  1978-1980.  Among  the  repairs  was  an  attempt  to  improve  die  stability 
of  several  walls  by  the  use  of  rock  anchors. 

8.3.  Ground  anchors  are  a  relatively  recent  innovation  for  the  solution  of  stability 

where  uplift  or  overturning  forces  predominate  (Hanna,  1982).  Hanna  defines  an  anchor  as  : 

a  sub-stnictural  member  which  transmits  a  tensile  force  from  the  main  structure  to 
the  surrounding  ground.  The  tensile  force  in  the  anchor  is  the  necessary  force  for 
equilibrium  between  the  anchor,  the  structure  to  which  it  is  attached,  and  the  ground 
in  which  the  anchor  is  embedded.” 


Thus,  ground  or  rock  anchors  are  used  to  improve  the  overturning  stability  of  lock  walls  by 
increasing  the  downward  force  acting  on  the  wall.  This,  in  turn,  permits  development  of 
greater  horizontal  shear  forces  to  resist  sliding. 

8.4.  Although  there  are  a  number  of  types  of  ground  anchors,  this  review  focuses  on 
the  anchors  that  were  installed  at  Locks  and  Dam  No.  3.  These  anchors  have  the  following 
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characteristics: 


a.  They  were  intended  to  be  permanent  anchors. 

b.  They  are  anchored  in  rock. 

c.  The  tendons  are  prestressed  bars. 

d.  They  are  installed  in  a  potentially  aggressive  environment. 

e.  The  foundation  rock  may  be  of  poor  quality. 

Regarding  items  d.  and  e  above,  the  anchorage  passes  through  a  coal  seam.  Some  statistics 
on  the  installation  are  summarized  in  Table  8.1  below.  The  monolith  selected  for  analysis, 
M-20,  is  located  in  the  middle  wall  between  two  locks. 


Table  8.1 

Characteristics  of  Anchors  at  Locks  and  Dam  No.  3 


Wall 

No. 

DiaitL 

Prestress 

Grout 

Failure 

inches 

Force.  Kins 

Rate* 

Hume 

1.375 

142.8 

Cement 

Land 

23 

1" 

25 

Cement 

Middle 

128 

1.25" 

112.5 

Resin 

17/128 

River 

76 

1.25" 

112.5 

Resin 

18/76 

*  Refers  to  (failed  anchors  /  total  anchors)  at  time  of  installation. 


Potential  Failure  Modes 

8.5.  Littlejohn  (1974)  listed  the  following  potential  failure  modes  for  potential  ground 
anchors: 
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a.  Failure  of  the  rock  mass 

b.  Failure  of  the  grou^rock  bond 

c.  Failure  of  the  groul/steel  bond 

d.  Failure  of  the  steel  tendon 

To  assess  the  overall  reliability  of  a  ground  anchor,  these  modes  must  be  studied  and 
carefully  characterized.  Some  observation  relevant  to  Locks  and  Dam  3  are  discussed  below: 

8.6.  Failure  of  rock  mass.  Rock  masses  commonly  contain  joints  and  fissures  of 
unknown  geometry  that  limit  the  application  of  simple  methods  to  calculate  the  load  capacity 
of  the  rock  mass.  Failure  of  the  rock  mass  surrounding  the  anchor  would  reduce  the  anchor 
force,  reducing  the  overall  stability  of  the  structure.  The  Engineering  Condition  Survey 
(USAEWES,  1976)  for  Lock  and  Dam  No.  3  indicates  that  in  many  places,  the  rock  was 
weathered  or  badly  fractured.  Borehole  photo  logs  showed  that  the  rock  contained  voids  and 
had  poor  contact  with  the  concrete  foundation.  Thus,  there  is  some  basis  for  concern 
regarding  integrity  of  the  rock  mass.  One  common  measure  of  the  minimum  capacity  of  a 
rock  anchor  is  to  assume  the  anchor  resistance  to  be  limited  to  the  weight  of  rock  lying 
within  an  inverted  cone  extending  from  the  anchor  tip  to  the  foundation.  Taking  a  cone  with 
an  apex  angle  of  60  degrees,  the  volume  of  rock  is  0.346  L^  where  L  is  the  length  of  the 
bonded  anchor.  Taking  the  rock  density  as  168  pcf  and  L  as  twenty  feet,  a  minitmiTn 
resistance  of  465  kips  is  obtained  which  is  well  above  the  112.5  kip  force  to  which  the 
anchors  were  initially  stressed.  However,  a  potentially  corrosive  thin  coal  seam  may  be 
present  in  the  range  12  to  19  ft  beneath  the  structure.  Assuming  bonding  above  the  coal  only 
and  taking  L  as  12  ft,  only  100  kips  would  be  available.  Thus,  the  probability  distribution  on 
an  anchor  force  depends  on  whether  the  coal  seam  is  present  and  if  so,  whether  the  anchor 
has  been  corroded. 

8«7.  Failure  of  the  grout/rock  bond.  When  an  anchor  is  loaded,  stresses  are  transmitted 
firom  the  grout  column  to  the  ground  in  the  form  of  radial  and  shear  stresses.  At  Locks  and 
Dam  No.  3,  the  anchors  were  irijected  in  straight  shafts,  where  the  load  transfer  relies  mainly 
on  the  development  of  skin  friction  or  shear  in  the  region  of  the  grout/rock  interface.  The 
working  bond  stress  is  usually  assumed  to  be  uniformly  distributed  along  the  anchor  length. 
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However,  some  recent  smdies  suggest  that  an  exponential  shape  for  the  bond  stress  function 
provides  a  better  estimate  for  the  actual  behavior  of  ground  anchors.  In  any  case,  some  of  the 
grout  at  Locks  and  Dam  No.3  is  known  to  have  been  poorly  mixed,  and  some  grout  holes 
were  drilled  over-size.  As  a  result  personnel  familiar  with  the  installation  have  expressed 
little  confidence  in  the  capacity  of  the  grout/rock  bond.  As  shown  in  Table  8.1,  17  of  128 
anchors  on  the  middle  wall  failed  during  initial  testing,  and  these  failures  were  considered  to 
be  the  result  of  poor  grouting  (mixing  and  /or  placement). 

8.8.  Failure  of  the  grout/steel  bond.  The  main  function  of  the  grout  is  to  attach  the 
steel  tendons  to  the  ground  in  the  fixed  anchor  length  (Hanna,  1982).  Studies  of  the  bond 
stresses  between  the  grout  and  steel  tendons  have  confirmed  that  bond  for  plain  steel  tendons 
depends  primarily  upon  adhesion  prior  to  slip  and  upon  j&iction  after  slip  occurs.  An 
exponential  function  has  been  found  to  be  the  best-fit  model  to  describe  the  bond  stress  at 
different  points  on  the  length  of  the  anchor.  Again,  the  known  conditions  of  poor  mixing  and 
over-size  holes  at  Locks  and  Dam  3  cast  some  doubt  on  the  quality  of  the  grout/steel  bond. 

8.9.  Failure  of  steel  tendons.  Failure  of  steel  tendons  is  in  principle  the  same 
problem  as  it  is  for  ordinary  prestressed  concrete  structures,  but  for  rock  anchors  the 
conditions  are  typically  much  more  severe.  The  environment  in  which  the  anchors  are  set  is 
generally  more  aggressive,  with  a  high  degree  of  humidity,  and  with  likely  presence  of  salt 
solutions.  Corrosion  and  stress  relaxation  are  considered  the  major  reasons  for  the  steel 
tendons  failtire  in  ground  rock  anchors.  Ground  anchors  are  subjected  mainly  to  three 
different  types  of  corrosion  (Fortier, 1974): 

(1) .  Corrosion  by  generalized  dissolution  (chemical  corrosion):  reduction  in  cross- 
section  due  to  an  attack  by  acids, 

(2)  Corrosion  by  pitting  (electro-chemical  corrosion):  leads  to  formation  of  holes  due 
to  the  presence  of  a  foreign  ion  causing  a  local  concentration  of  stresses,  and 

(3)  Corrosion  with  crack  formation  under  tension  (physical  corrosion): 
affects  carbon  steels  subjected  to  a  high  tensile  stress. 

At  Locks  and  Dam  No.3,  the  anchors  pass  through  a  coal  seam,  and  there  is  samp,  doubt  as  to 

the  integrity  of  the  grout  bond  between  the  steel  tendon  and  the  corrosive  coal.  If  the  grout  is 

not  properly  protecting  the  steel,  corrosion  may  lead  to  a  case  of  tendon  failure  in  the  future. 
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or  perhaps  such  failure  may  have  already  taken  place. 


Uncertainty  and  Variability  of  Tnirial  Anchor  Load 

8.10.  Typically  anchors  are  stressed  to  a  measured  load  at  installation  and  locked  off. 
Thus,  the  initial  loads  are  known  rather  accurately  and  the  coefficient  of  variation  of  the 
iiutial  anchor  load  should  be  small,  perhaps  5  percent 

Variability  of  Load  with  Time. 

8.11.  Due  to  rock  creep,  the  shrinkage  and  creeping  of  the  structural  concrete,  and 
from  the  compression  of  the  anchor  root  in  the  rock,  stress  relaxation  occurs  leading  to  a 
reduction  in  the  tendon  prestressing  force.  Hobst  (1977)  defined  the  ratio  of  the  effective 
tendon  force  to  the  initial  prestressing  force  as  the  coefficient  of  efficiency.  A  value  of  0.7 
was  suggested  for  the  coefficient  of  efficiency  of  ground  anchors.  A  study  by  Littlejohn  anH 
Bruce  (1979)  on  the  long  term  behavior  of  rock  anchors  has  provided  sigrtificant  and  relevent 
information.  Ten  anchors  were  instrumented  for  a  period  up  to  33,(X)0  hours  (3.7  years).  The 
results  showed  two  phases  of  prestressing  losses  with  time;  a  rapid  loss  that  occurs  within  the 
first  16  weeks,  followed  by  a  slower  and  uniform  load  loss. 

8.12.  The  reduction  in  the  tendon  force  can,  to  a  large  extent,  be  avoided  if  anchors 
are  re-stressed  after  initial  loading.  It  has  been  found  that  if  prestressing  is  properly  executed, 
the  loss  in  the  long  run  is  minimal.  For  example,  a  reduction  in  stress  of  only  3%  was  found 
when  anchors  in  sandstone  of  the  Cheurfas  Dam  in  Algeria  anchors  in  sandstone  were 
checked  after  20  years  of  service  (Hobst  and  Zajic,  1977);  likewise,  anchors  in  sandstone  and 
shale  at  the  Nosice  Dam  in  Slovakia  showed  only  a  2.4  per  cent  reduction  in  stress  afrer  19 
months  of  service.  However,  at  Locks  and  Dam  No.3,  the  anchors  were  apparently  not  re- 
stressed. 
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Considerations  for  Multiple  Anchors 


8.13.  Similar  to  the  behavior  of  groups  of  closely-spaced  pile,  ground  anchors  placed 
closely  will  interact  and  the  behavior  of  a  typical  ground  anchor  in  a  group  will  differ  from 
that  of  an  isolated  anchor.  Several  studies  on  the  issue  confirmed  that  the  load  sharing 
amongst  the  anchors  in  a  cluster  is  non-uniform  and  the  load  efficiency  of  a  group  of  anchors 
is  less  than  one.  The  French  code  of  practice  suggests  a  reduction  factor  as  a  function  of  the 
spacing  between  adjacent  anchors  and  the  radius  of  the  cone  of  influence  at  the  ground 
surface,  (Hanna,  1982). 

Quantification  of  Anchor  Uncertainty  for  Locks  and  Dam  Nn.3 

8.14.  Corrosion  and  Stress  Relaxation.  Corrosion  and  stress  relaxation  are  considered 
the  major  reasons  for  force  reduction  of  steel  tendons  in  ground  rock  anchors.  In  order  to . 
account  for  these  variabilities  in  the  statistical  description  of  rock  anchor’s  behavior,  the 
initial  prestress  and  time  variation  thereof  could  be  modeled  as  described  below,  based  on 
studies  by  Mirza  and  MacGregor  (1979),  and  Miiza  and  Kikuchi  (1980). 

8.15.  Initial  Prestressing  Stress.  If  prestressing  is  properly  executed,  the  actual  initial 
prestressing  force  should  match  very  closely  the  nominal  initial  prestressing  force.  As  in  the 
case  of  prestressed  concrete,  the  initial  prestressing  force  Pj  is  the  maximum  operative  force 
stressing  the  anchor  during  its  life-time.  At  Lock  and  Dam  No.3,  Pj  will  be  assumed  to  be 
normally  distributed  with  a  mean  of  112  kips  and  a  standard  deviation  of  2.5  kips  as  shown 
on  figure  8.2. 

8.16.  Prestressing-Time  Relationship:  Due  to  stress  relaxation  (creep)  and  steel 
corrosion,  a  negative  exponential  relationship  may  be  assumed  to  represent  the  prestressing 
force  at  any  time  t.  The  relationship  is  proposed  to  be  modeled  by  the  form: 

Pit)  =  p,i,e 
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where  PQ  is  the  initial  prestressing  stress. 

b  is  0.02;  a  factor  to  represent  the  rate  of  prestressing  loss.  (0.01  -  0.02) 
t  is  time  in  years. 

This  function  is  plotted  in  figure  8.1.  Assuming  that  the  rate  of  the  change  of  the  prestressing 
loss  will  follow  the  relationship  suggested,  the  actual  prestressing  force  at  any  timp,  t  could  be 
assumed  normally  distributed  with  an  expected  value  equal  P(t)  as  calculated  from  equation 
above  1,  and  a  standard  deviation  equal  to: 


°pit) 


ElPj  ^  30^  -  E{P{t) 
3P, 


where  t:  is  the  time  in  years.  This  assumption  for  provides  two  desired  features:  the 
standard  deviation  increases  with  time  as  the  expected  value  decreases,  but  a  reasonable  upper 
bound  (mean  +  3  a)  remains  constant. 

^•1*7.  Ground  Anchor  Head  Location:  It  will  assumed  that  all  ground  anchors  were 
placed  on  the  average  in  their  intended  locations  using  engineering  surveying  techniques.  It 
will  further  be  assumed  that  the  deviation  fix)m  the  theoretical  location  in  any  direction  is 
normally  distributed  with  mean  zero  and  a  standard  deviation  of  0.40  inches.  The  resulting 
distribution  is  shown  in  figure  8.3. 

Anchor  Verticalitv:  Very  little  information  is  known  about  this  variable. 
However,  transferring  knowledge  from  to  the  research  done  in  the  area  of  pile  constraction 
(Wolff,  1990),  as  a  first  approximation,  it  would  be  reasonable  to  assume  that  the  deviation 
from  vertical  will  have  a  mean  of  zero  and  a  standard  deviation  of  3  degrees.  A  normal 
distribution  would  be  assumed  and  is  shown  in  figure  8.4. 

Probability  of  Functionalitv.  The  proposed  time-variant  nharaptpnVatinn  of 
anchor  force  is  a  set  of  conditional  moments  that  are  condtioned  on  the  event  that  a  given 
anchor  is  in  fact  functional  and  has  not  already  failed  due  to  causes  listed  in  paragraph  8.5. 

At  Locks  and  Dam  No.3,  there  are  expressed  concerns  relative  to  installatirm  procedures  and 
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Figure  8.1  Assumed  Variation  of  Expected  Anchor  Force  with  Time 


Initial  Prestressing  NC112^2.5^ 


Figure  8.2  Assumed  Distribution  of  Initial  Prestressing  Force 


ERROR  IN  LOCATION  NC 0^0.43 


Figure  8.3  Assumed  Distribution  of  Anchor  Location  at  Top  of  Monolith 


ERROR  IN  VERT  I  CAL  I  IT  NCO^SD 


Figure  8.4.  Assumed  Distribution  of  Anchor  Inclination 
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corrosion  potential  and  a  number  of  anchors  are  known  to  have  failed  at  installation. 
Conversations  with  knowledgeable  engineers  familiar  with  the  structure  suggest  that  the 
probability  that  a  random  anchor  is  functioning  is  probably  below  0.5  and  many  be  below 
0.10.  In  part  9  following,  conditional  reliablity  index  values  are  calculated  for  0  to  6  anchors 
functional  at  monolith  M-20.  Using  elementary  probability  theory  (e.g.  the  binomial 
distribution)  and  the  assumption  of  independence,  these  conditional  reliability  mdices  could  be 
combined  with  any  desired  probability  of  functionality  such  as  those  cited  above  to  determine 
an  expected  value  and  standard  deviation  of  the  reliability  index  itself. 
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PART  IX;  RELIABILITY  ANALYSIS  FOR  LOCKS  AND  DAM  NO.  3, 

MONOLITH  M-20 

Description  of  Problem 

9-1-  Description  of  Project.  Locks  and  Dam  No.  3  are  located  at  mile  23.8  above 
the  mouth  of  the  Monongahela  River  and  upstream  of  Elizabeth,  Pennsylvania.  Con¬ 
struction  was  begun  in  1905  and  the  structure  was  put  in  operation  in  1907,  After  a 
number  of  modifications,  the  present-day  structure  includes  a  concrete  overflow  dam 
with  a  fixed  crest  at  elevation  726.9  and  two  lock  chambers.  The  landward  chamber  is 
56  X  720  ft  and  the  riverward  chamber  is  360  x  720  ft.  The  dam  is  founded  on  piles 
driven  into  the  river  bottom  alluvium;  the  locks  and  upper  guide  wall  monoliths  are 
founded  on  sedimentary  rock.  The  foundation  appendix  to  the  condition  survey  (U.S. 
Army  Waterways  Experiment  Station,  1976)  describes  a  typical  boring  beneath  the 
structure  as  encountering  several  feet  of  hard  shale  or  siltstone,  then  a  few  feet  of  black 
carbonaceous  fissile  shale,  then  six  to  twelve  inches  of  coal,  another  few  feet  of  black 
shale,  and  several  feet  of  limestone.  This  cycle  then  repeats  beginning  with  the  hard 
shale.  The  condition  survey  also  states  that  the  rock  is  "weathered  or  badelly  fractured", 
for  an  average  depth  of  8.5  feet  below  the  concrete. 

9-2.  Description  of  Monolith  M-20  and  Rationalft  for  Selection.  M-20  is  a  gravity 
monolith  forming  a  part  of  the  imddle  wall  between  the  two  chambers.  A  cross-section 
through  the  monolith  is  shown  in  figure  9.1.  Tlie  16  ft  wide  section  contains  an  eight 
foot  wide  pipe  gallery  and  two  and  one-half  emptying  ports,  each  4.5  ft  in  diameter  and 
crossing  the  monolith  at  right  angles.  The  monolith  is  founded  at  elevation  704  with  a 
center  key  to  elevation  701,  apparently  on  medium-hard  gray  weathered  silty  shale.  To 
enhance  stability,  anchors  were  installed  in  lock  walls,  including  monolith  M-20,  in  1978. 
These  anchors  and  concerns  regarding  their  condition  and  adequacy  have  been  described 
in  Part  VIII.  Six  anchors  were  installed  in  monolith  M-20,  four  on  the  river  side  and  two 
on  the  land  side.  Of  the  four  on  the  river  side,  one  failed  during  installation,  two  were 
installed  satisfactorily  with  resin  grout  and  one  was  installed  satisfactorily  using  cement 
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grout.  Of  the  two  on  the  landside,  one  is  marked  "Ok"  on  the  as  built  drawing;  it  is 
understood  that  this  means  the  anchor  failed  and  was  abandoned  as  the  monolith  was 
considered  adequate  without  it. 

9.3.  Performance  Modes.  Monolith  M-20  was  analyzed  for  sliding  stability  and 
overturning  stability  using  various  numbers  of  assumed  functional  anchors. 

9.4.  Water  Levels  for  Analysis.  The  following  water  levels  were  used  for  analysis: 


Case 

Unper  Pool 

Lower  Pool 

Normal  Operating 

726.9 

718.7 

High  Water 

732.8 

726.4 

Maintenance  (A) 

726.4 

701.0  (lock  dewatered) 

Maintenance  (B) 

732 

701.0  (lock  dewatered) 

The  normal  operating  case  represents  the  usually-prevailing  conditions  at  the  lock.  The 
high  water  case  corresponds  to  water  levels  just  before  the  locks  would  go  out  of 
operation.  The  maintenance  (A)  case  corresponds  to  the  lock  chamber  being  dewatered 
for  inspection  or  maintenance  with  the  river  at  a  normal  level  The  maintenance  (B) 
case  corresponds  to  the  lock  chamber  dewatered  with  the  river  at  a  relatively  high  level. 
As  M-20  is  a  middle  wall  monolith,  the  upper  pool  is  assumed  to  act  on  one  side  of  the 
monolith  and  the  lower  pool  on  the  other  side. 

Sliding  Analysis 

9.5.  Random  Variables.  Random  variables  used  in  the  sliding  analysis  and  their 
probabilistic  moments  are  shown  in  table  9-1.  As  discussed  in  Part  IV,  results  of  shear 
tests  on  rock  at  Locks  and  Dam  No.  3  are  generally  higher  than  for  Locks  and  Dam  No. 
2;  however,  the  condition  survey  indicates  that  rock  in  the  first  8.5  ft  below  the  founda¬ 
tion  is  weathered  and  badly  fractured.  In  the  absence  of  any  better  way  to  quantify  the 
strength  of  this  zone,  the  same  foundation  rock  strength  parameters  used  for  Locks  and 
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Dam  No.  2  were  used  for  Locks  and  Dam  No.  3.  The  parameters  used  for  concrete 
density  are  likewise  the  same  as  for  Locks  and  Dam  No2.  As  further  described  in  Part 
8,  anchor  force  could  be  modeled  as  a  random  variable  with  moments  that  vary  as  a 
function  of  time.  Because  of  the  considerable  uncertainty  in  the  actual  shape  of  the 
time-function  at  this  structure,  and  uncertainty  regarding  whether  the  anchors  are 
actually  functioning,  the  expected  value  and  standard  deviation  of  the  anchors  force  was 
taken  essentially  to  be  that  at  the  time  of  installation,  but  different  numbers  of  anchors 
were  assumed  functional.  As  the  emphasis  of  this  study  was  on  the  effects  of  the 
anchors,  the  uplift  was  taken  to  be  deterministic. 


Table  9.1 

Locks  and  Dam  No,  3.  Monolith  M-2n 
Random  Variables  for  Sliding  Analysis 


Variable 

Mean 

a 

(lA)  Cjocjj 
(peak) 

11.0  ksf 

0.77 

70 

(2A)  tan  0’^ 

(peak) 

1.50 

0.675 

45 

P  c,0  (peak)  ”  -.70 

(IB) 

(residual) 

0 

0 

0 

(2B)  tan  0’^ 
(residud) 

0.80 

0.40 

50 

(^)  Yconcrete 

.15  kef 

.0075  kef 

5 

(4)  Anchor  forces 

T1  and  T4 

112  kips 
per  anchor 

2.24 

2.0 

(5)  Lateral  Force 

0.80  kips/ft 

0.40 

50.0 

9-4 


9.6.  Results.  Results  of  the  sliding  analyses  are  summarized  in  Table  9.2. 
Analyses  were  performed  only  using  CSLIDE  and  the  Taylor’s  Series  method;  at  this 
structure,  the  primary  focus  was  only  to  determine  a  representive  values  of  the  reliability 
index  with  and  without  anchors.  Furthermore,  it  was  known  and  confirmed  that 
overturning  was  more  concern  than  sliding.  As  shown  in  the  table,  )3  values  are  above 
10,  indicating  a  high  reliability  against  sliding. 


Table  9.2 

Locks  and  Dam  No.  3.  Monolith  M-2n 
Sliding  Analysis  Using  Peak  Strengths 


Condition 

Deterministic 

Model 

Probabilistic 

Model 

EDES] 

^=s 

£ 

Normal 
Operating 
(4  Anchors) 

CSUDE 

Taylor  series 

2431 

4.19 

18.5 

Maintenance 
(4  anchors) 

CSLIDE 

Taylor  series 

12.26 

4.49 

143 

Maintenance 
(no  anchors) 

CSLIDE 

Taylor  series 

6.03 

1.11 

103 

Overturning  Analysis 

9.7.  Random  Variables.  Random  variables  relevant  to  overturning  analysis  are 
shown  in  Table  9.3.  The  anchor  location  at  the  base  of  the  monolith  is  taken  to  be  an 
expected  value  of  3  feet  from  the  face  of  the  wall  and  a  standard  deviation  of  0.09  ft. 
These  values  affect  the  moment  arm  of  the  resisting  anchor  force  and  are  derived  from 
the  top  location  and  vertically  random  variables  described  in  Part  4.  Other  variables  are 
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assigned  values  consistent  with  previous  analysis. 


Table  9.3 

Lock  and  Dam  No.  3.  Monolith  M-20 
Random  Variables  for  Overturning  Analysis 


Variable 

Mean 

a 

V,  % 

Yconcrcte 

0.15  kef 

0.0075  kef 

5 

(2)  Lateral  Force 

0.80  kip/ft 

0.40 

50 

(3)  Anchor  Location 

3ft 

0.09 

3 

feet  from  wall 

(4)  Anchor  force 

112  kip 

224 

2 

T1  through  T4 

per  anchor 

9.8.  Results.  Results  of  the  overturning  analyses  are  summarized  in  Tables  9.4 
and  9.5.  Analyses  were  made  assuming  zero  anchoi^,  four  anchors,  and  six  anchors  are 
functional.  All  analyses  were  made  using  the  Taylor’s  series  method.  For  the  mainte¬ 
nance  (A)  case  assuming  no  anchors  functioning,  /Sp^  =  4.07  and  4.49,  which  is  just 
above  the  target  value  of  4.0  recommended  in  Part  XIV  of  this  report.  As  additional 
anchors  are  assumed  hmcdonal,  the  reliability  indices  rise  rapidly.  For  the  Maintenance 
(B)  case,  reliability  indices  are  negative  even  if  all  six  of  the  original  anchors  were 
functional,  and  it  is  known  with  certainty  two  are  not. 

Summary  and  Discussion 

9.9.  Sliding.  Reliability  index  values  are  high  even  if  non-functional  anchors  are 
assumed. 

9.10.  Overturning.  Comparison  of  results  presented  in  table  9.4  and  9.5  indicate 
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that  the  reliability  indices  and  /Spg  are  very  sensitive  to  both  water  levels  and  the 
number  of  functional  anchors.  If  the  lock  is  dewatered  to  the  (A)  water  levels,  the 
reliability  index  would  be  just  above  a  target  value  of  4.0  even  if  all  anchors  are  function¬ 
al.  If  more  anchors  are  functional,  the  reliability  index  increases  rapidly  with  the  number 
of  anchors.  On  the  other  hand,  if  the  lock  is  dewatered  at  the  (B)  water  levels,  and 
^Fs  are  negative  even  with  six  functional  anchors,  indicating  that  the  monolith  would  be 
more  likely  to  overturn  than  remain  stable.  The  values  of  and  are 

likewise  highly  dependent  on  the  number  of  functional  anchors  and  water  levels.  It 
should  be  noted,  however,  that  is  negative  for  all  cases  considered  and  is 
negative  for  all  cases  (4  or  less  anchors)  considered.  Thus,  it  can  be  said  that  there  is  a 
high  probability  the  the  resultant  force  would  be  outside  the  middle  half  of  the  base  in 
any  dewatered  case. 

9.11.  Anchor  Functionality.  As  has  been  described  in  Part  VDI  and  demonstrat¬ 
ed  in  Part  IX,  there  is  a  high  degree  of  uncertainty  in  the  anchor  forces  due  to  probable 
poor  installation  (grouting)  and  potential  for  corrosion.  In  turn,  the  reliability  indices  for 
overturning  are  very  sensitive  to  the  number  of  functional  anchors.  Probabilistic 
methods  are  merely  a  formal  and  consistent  mathematical  means  to  express  uncertainty 
in  performance  given  some  characterization  of  uncertainty  in  the  underlying  variables. 

In  the  present  case,  there  is  no  real  site-specific  data  on  the  post-installation  behavior  of 
the  anchors  in  question,  and  the  anchor  forces  and  functionality  could  be  better  charac¬ 
terized  by  one  of  two  means;  either  (1)  physically  testing  a  statistical  sample  of  the 
anchors  or  (2)  an  "official"  judgmental  assignment  of  the  probablistic  moments  by  a 
consensus  of  experts  based  on  a  detailed  review  of  the  data  and  knowledge  of  the 
structure. 
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Table  9.4 

Locks  and  Dam  No.  3.  Monolith  M-20 
Results  of  Overfaming  Analyses-  Factor  of  Safety 


Condition 

Probabilistic 

Model 

E[FS] 

^FS 

Normal  Operating 

TS 

- 

- 

- 

Maintenance  (A) 
(no  anchors) 

TS 

1.10 

0.026 

4.07 

Maintenance  (A) 
(3+1  Anchors) 

TS 

1.52 

0.028 

1251 

Maintenance  (A) 
(4+2  Anchors) 

TS 

1.69 

0.029 

30.26 

Maintenance  (B) 
(no  anchors) 

TS 

- 

- 

Maintenance  (B) 
(3+1  Anchor) 

TS 

0.907 

0.017 

-5.27 

Maintenance  (B) 
(4+2  Anchor) 

TS 

0.989 

0.017 

-0.61 
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Table  9.5 

Locks  and  Dam  No.  3.  Monolith  M-20  -  Factor  of  Safety 
Results  of  Overturning  Analvses-Resultant  Location 


Condition 

Probabilistic 

Model 

eiXr] 

^oe 

^1/6  ^1/4  ^em 

Normal  Operating 

TS 

- 

- 

- 

- 

Maintenance  (A) 
(no  anchors) 

TS 

1.20 

0.267 

4.49 

-5.49  -10.5  -15.5 

Maintenance  (A) 
(3+1  Anchors) 

TS 

3.89 

0.110 

35.4 

11.12  -1.00  -132 

Maintenance  (A) 
(4+2  Anchors) 

TS 

4.40 

0.086 

5136 

20.2  4.65  -10.9 

Maintenance  (B) 
(no  anchors) 

TS 

- 

- 

- 

- 

Maintenance  (B) 
(3+1  Anchors) 

TS 

-1.70 

0373  -437 

-11.7  -15.3  -24.0 

Maintenance  (B) 
(4+2  Anchors) 

TS 

-0.16 

0.253 

-0.63 

-112  -16.4  -21.7 
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PART  X:  RELIABILITY  ANALYSIS  FOR  LOCKS  AND  DAM  NO.  3, 

MONOUTH  L-8 

Problem  Description 

10- 1-  Monolith  L-8  and  Rationale  for  Selection.  Locks  and  Dam  No.  3  were 
previously  described  in  Part  IX  .  Monolith  D8  is  a  gravity  monolith  forming  a  part  of  the 
landside  upper  guidewall.  A  cross-section  through  the  monolith  is  shown  in  figure  10.1. 
The  monolith  is  founded  at  elevation  709.1,  apparently  on  weathered  siltstone.  The 
monolith  is  relatively  slender,  being  27  feet  taU  and  only  14  feet  wide  at  the  base.  As 
the  water  loads  were  the  dominent  load  for  previously  considered  structures,  monolith  L- 
8  was  selected  for  analyses  as  it  is  loaded  by  soil  backfill. 

10-2.  Performance  Modes.  Monolith  M-20  was  analyzed  for  sliding  stability, 
overturning  stability,  and  bearing  capacity. 

10.3.  Water  Levels  for  Analysis.  The  following  water  levels  were  selected  for 
analysis: 

Case  Upper  Pool  Water  in  Backfill 

Normal  Operating  726.9  727.9 

High  Water  732.8  733.8 

The  normal  operating  case  represents  the  usually-prevailing  conditions  at  the  lock.  The 
high  water  case  corresponds  to  water  levels  just  before  the  locks  would  go  out  of 
operation.  As  L-8  is  an  upper  guide  wall  monolith,  the  maintenance  case  is  not  applica¬ 
ble.  The  water  level  in  the  backfill  was  assumed  to  be  1.0  ft  higher  than  the  pool  level 
for  all  analyses. 


Sliding  Analysis 

10.4.  Random  Variables.  The  values  of  the  moments  of  the  random  variables  are 
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I  EL.  724.5 


EL.  719.5  . 


summarized  in  Table  10.1.  Random  variables  relevant  to  sliding  analysis  are  similar  to 
those  for  Lock  and  Dam  No.2,  monolith  M-16,  with  the  addition  of  the  wall  friction 
angle,  5,  and  a  lateral  pull  force,  F.  The  "wall  friction"  angle  is  in  fact  the  assumed  angle 
of  the  resultant  of  the  normal  and  shear  stresses  developed  in  the  backfill  along  a 
vertical  plane,  but  is  analogous  to  the  concept  of  a  wall  friction  angle  for  a  vertical  wall. 
The  assigned  expected  value  of  12  degrees  and  standard  deviation  of  3  degrees  is  based 
on  the  judgment  that  the  common  assumption  of  no  vertical  shear  is  unlikely  to  be 
representative  of  actual  conditions;  some  vertical  shear  likely  to  develop  but  it  may  be 
considerable  less  than  the  shear  strength  (S<<<p).  The  probabilistic  moments  for  the 
lateral  force,  F,  which  represents  a  hawser  pull,  are  similar  to  those  for  previous 
overturmng  analysis.  As  the  water  level  differential  across  the  structure  is  smalls  the 
uplift  parameter,  E,  was  taken  to  have  a  deterministic  value  of  zero. 

10.5.  Results.  Sliding  analysis  were  performed  using  both  the  simple  method  and 
CSLIDE  method,  and  both  the  Taylor’s  series  and  point  estimate  methods.  Results  are 
summarized  in  Table  10.2  and  10.3.  A  typical  free-body  diagram  is  shown  in  Figure  10.2. 
Note  that  CSLIDE  is  not  capable  of  modeling  a  wall  friction  angle  thus  S  was  taken  as 
zero  for  the  CSLIDE  analyses,  reducing  the  number  of  random  variables  by  one.  As 
shown  in  Table  10.2,  reliability  index  values  for  peak  strength  assumption  were  all  above 
5.5,  indicating  the  structure  is  reliable  against  sliding.  It  should  also  be  noted  that  the 
differences  in  reliability  index  values  are  smaller  than  the  differences  in  expected  factor 
of  safety  for  the  two  different  performance  function  considered.  Although  /3  values  for 
residual  strength  assumptions  are  below  1.5,  these  are  not  considered  representative. 
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Figure  10.2  Locks  and  Dam  No.  3,  Monolith  L8,  Free  Body  Diagram 
Sliding  Stability  Analysis— Normal  Operating  w/  Hawser  Force 
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Table  10.1 

Locks  and  Dam  No.  3.  Monolith  L-8 
Random  Variables  for  Slidinp^  Analysis 


Variable 

Mean 

CT 

(1) 

0.130  kef 

0.0065 

5 

(2) 

32  deg 

3.2  deg 

10 

(3)  wall  friction  angle,  S 

12  deg 

3.0  deg 

25 

(4A)  c^k 
(peak) 

11.0  ksf 

7.70 

70 

(5A)  tan  0’^, 

(peak) 

1.50 

0.675 

45 

(5A)  ^ 

Pc,0  (peak)  ~  -.70 

52.416  deg 

12.893 

24.6 

(4B)  c^, 

(residual) 

0 

0 

0 

(5B)  tan  <t>’^ 

(residual) 

0.6322 

03161 

50 

(^)  Yconcrete 

.145  kef 

.00725  kef 

5 

(7)  Lateral  Force,  F 

1.0  kip/ft 

03 

50 
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Table  10.2 

Locks  and  Dam  No,  3.  Monolith  1^8 


Sliding  Analysis  Using  Peak 

Strengths 

Condition 

Deterministic 

Probabilistic 

E[FS] 

^FS 

§. 

Model 

Model 

Normal 

Simple  method 

Taylor  series 

14.45 

6.90 

5.74 

operating 

Simple  method 

Point  estimate 

14.75 

6.79 

5.92 

CSLIDE 

Taylor  series 

2.75 

.42 

6.59 

CSLIDE 

Point  estimate 

2.74 

.41 

6.64 

High 

Simple  method 

Taylor  series 

17.96 

9.40 

5.63 

Water 

Simple  method 

Point  estimate 

18.16 

8.83 

6.07 

CSUDE 

Taylor  series 

2.74 

.43 

6.45 

CSLIDE 

Point  estimate 

2.72 

.41 

6.50 

Table  103 

Lock  and  Dam  No.3.  Monolith  L-8 

Sliding  Analysis  Using  Residual  Strengths 

Condition 

Deterministic 

Probabilistic 

E[^] 

§. 

Model 

Model 

Normal 

Simple  method 

Taylor  series 

1.77 

.86 

1.01 

operating 

Simple  method 

Point  estimate 

1.79 

.84 

1.08 

CSLIDE 

Taylor  series 

1.14 

29 

34 

CSLIDE 

Point  estimate 

1.16 

.29 

39 

High 

Simple  method 

Taylor  series 

1.97 

1.00 

1.18 

Water 

Simple  method 

Point  estimate 

1.99 

.92 

135 

CSUDE 

Taylor  series 

1.13 

38 

31 

CSLIDE 

Point  estimate 

1.15 

.28 

.56 
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Overtumiag  Analysis 


10.6.  Random  Variables.  The  random  variables  relevant  to  overturning  analysis 
are  smular  those  for  Locks  and  Dam  No.2,  monolith  M-16,  with  the  addition  of  the  angle 
of  mobilized  vertical  shear,  5.  Assumed  values  are  summarized  in  Table  10.4.  The 
expected  value  of  -0.4  for  the  uplift  parameter  E  is  chosen  to  be  consistent  with  the 
finding  from  prelinunary  analysis  that  only  about  60  percent  of  the  base  in  compression. 
As  described  in  Part  IV,  E=0.0  corresponds  to  a  linear  variation  in  uplift  from  headwa¬ 
ter  to  tailwater,  and  E=-1.0  corresponds  to  headwater  pressure  over  the  active  base. 

Thus,  E=-0.4  would  approximately  correspond  to  full  headwater  pressure  over  40 
percent  of  the  base. 

10.7  Assumptions.  For  the  overturning  analysis,  at-rest  conditions  were  assumed  to 
prevail  in  the  backfill,  and  the  at-rest  pressure  coefficient  was  calculated  laky’s 
formula: 

Kj,  =  1  -  sin  0 


The  horizontal  earth  force  was  taken  as  the  integral  of  the  horizontal  effective  earth 
pressure  over  the  height  of  the  wail.  To  account  for  likely  presence  of  shear  stresses  on 
the  vertical  planes,  the  ratio  of  vertical  shear  stresses  (and  forces)  to  horizontal  shear 
stresses  (  and  force)  was  presented  by  the  random  variable  5.  Thus,  a  vertical  force 
is  assumed  on  a  vertical  plane  through  the  heel  as: 

Py  =  Pjj  tan6 

10.8.  Results.  An  example  free-body  diagram  is  shown  in  Figure  10.3.  Results  of 
the  overturning  analyses  are  summarized  in  Tables  lOJ  and  10.6.  The  values  for  /Sps  are 
in  the  range  4.0  to  5.0,  and  the  values  of  ^Stoe  are  in  the  range  3.0  to  6.0.  Values  of 
ProE  obtained  using  the  less  conservative  point  estimate  method  are  above  4.5.  Values 
for  the  performance-state  measures  py^  and  are  relatively  low,  indicating  high 
probability  that  only  a  portion  of  the  base  is  in  compression. 
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Forces  in  kips  per  lineal  foot 


Figure  103  Locks  and  Dam  No.  3,  Monolith  LS,  Free  Body  Diagram 
Overturning  StabUity  Analysis — ^Normal  Operating  w/  Hawser  Force 
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Table  10.4 

Locks  and  Dam  No,  3.  Monolith  L-8 
Random  Variables  for  Overturning  Analysis 


Variable 

Mean 

a 

V,  % 

(^)  Ysoil 

0.130  kef 

0.0065 

5 

(2) 

32  deg 

3.2  deg 

10 

(3)6 

12  deg 

3.0  deg 

25 

(^)  Vconcrete 

.145  kef 

.00725  kef 

5 

(5)  Lateral  Force,  F 

1.0  kip/ft 

0.5 

50 

(6)  Uplift  parameter,  E 

-0.4 

0.2 

50 

Bearing  Capacity  Analysis 

10-9.  Random  Variables  for  bearing  capacity  analysis  are  summarized  in  Table 
10.7  and  are  consistent  with  values  from  previous  analysis.  The  probabilistic  moments 
for  the  location  of  the  effective  base  resultant  force,  Xr  and  its  inclination  Q,  are 
obtained  as  output  from  the  probabilistic  overturning  analysis. 
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Table  10.5 

Locks  and  Dam  No.  3.  Monolith  M-20 
Results  of  Overturning  Analyses-  Factor  of  Safety 


Condition 

Probabilistic 

Model 

E[FS] 

Sfs 

^FS 

Normal 

TS 

1.38 

.093 

4.78 

Normal 

PE 

139 

.094 

4.81 

High 

TS 

1.25 

.064 

4.26 

High 

PE 

125 

.064 

4.30 

Table  10.6 

Locks  and  Dam  No.  3.  Monolith  M-20 

Results  of  Overtumine  Analvses-Resultant  Location 

Condition 

Probabilistic 

Model 

^oe 

^1/6 

1^1/4 

Normal 

TS 

2.88 

.776 

3.69 

0.70 

-0.79 

-229 

Normal 

PE 

2.87 

.510 

5.63 

1.06 

-1.23 

-332 

High 

TS 

235 

.750 

3.13 

0.02 

134 

-3.09 

High 

PE 

232 

.475 

4.89 

0.03 

-2.48 

-4.94 
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Table  10.7 

Locks  and  Dam  No.  3.  Monolith  L-8 


Random  Variables  foT 

•  Bearing  Analysis 

Variable 

Mean 

a 

(1)  Ysoil 

0.130  kef 

0.0065 

5 

(2)  0’soi. 

32  deg 

3.2  deg 

10 

(3)  5 

12  deg 

3.0  deg 

25 

(4A)  c^k 

11.0  ksf 

7.70 

70 

(peak) 

(5A)  0’^ 

52.416  deg 

12.893 

24.6 

(peak) 

P  c.tan  0  (peak)  ~  ".70 

Yconcrete 

.145  kef 

.00725  kef 

5 

(7)  Lateral  Force,  F 

1.0  kip/ft 

03 

50 

(8)  Xr 

Normal 

2.90  ft 

.776  ft 

26.75 

High  Water 

237  ft 

.744  ft 

31.34 

(9)6 

Normal 

29.28  deg 

0.0248  rad 

4.85 

High  Water 

27.22  deg 

0.0253  rad 

532 

10.10.  Results  of  the  bearing  capacity  analysis  are  summarized  in  Table  10.8.  As 
was  the  case  for  monolith  M-16  at  Locks  and  Dam  No3,  There  is  a  wide  variation  in 
results  due  to  the  high  degree  of  non-linearity  of  the  performance  function.  In  all  cases, 
the  reliability  index  exceeds  5.0. 
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Table  10.8 

Locks  and  Dam  No.  3.  Monolith  1^8 
Results  of  Bearing  Analyses 


Loading 

Condition 

Method 

aoij 

(fcips/ft) 

E[N]’ 

E[FS] 

50ult 

(Idps/ft) 

§. 

Normal 

TS 

30,724 

40.7 

755 

42,828 

5.85 

Operating 

PE 

353,131 

40.7 

8673 

380,826 

9.43 

High  Water 

TS 

28,598 

34.6 

826 

39,853 

5.94 

PE 

277,754 

34.6 

8023 

312,786 

9.01 

Summary  and  Discussion 

10.11.  Sliding.  Based  on  reliability  indices  above  5.5  for  the  peak  strength 
assumption,  the  monolith  is  considered  reliable  against  sliding.  It  was  found  that 
reliability  index  values  obtained  using  different  performance  functions  were  more 
consistent  than  expected  factors  of  safety  obtained  using  different  performance  functions. 

10.12.  Overturning.  Reliability  Index  values  and  were,  for  the  most  part, 
just  above  the  4.0  value  recommended  as  a  target  value  in  Part  XIV.  However,  there  is 
a  high  probability  that  part  of  the  base  is  not  in  compression. 

10-13.  Bearing  Capacity.  As  was  the  case  for  monolith  M-16  at  Locks  and  Dam 
No.3,  reliability  index  values  vary  widely  depending  on  the  probabilistic  model,  but  in  all 
cases  are  sufficiently  high. 
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PART  XI;  RELIABILITY  ANALYSIS  FOR  LOCKS  AND  DAM  NO.  4,  DAM  PIER  3 

Problem  Description 

11.1.  Description  of  Project.  Locks  and  Dam  No.4  are  located  at  mile  41.5  on  the 
Monongahela  River  between  Charleroi  and  Monessen,  Pennsylvania,  The  Locks  and 
Dam  were  reconstructed  from  an  earlier  structure  in  1931-1932.  In  1967,  the  dam  was 
again  reconstructed  to  raise  the  pool  six  feet.  A  related  reconstruction  of  the  lock  was 
completed  in  1964. 

11.2.  Description  of  Dam  Pier  Monolith  3  and  Rationale  for  Selection.  A  cross- 
section  of  dam  pier  monolith  3  is  shown  in  figure  11.1.  The  monolith  has  a  heavy 
concrete  base  which  passes  through  25  to  34  feet  of  river  alluvium  and  about  9  feet  of 
clayey  shale  above  its  founding  elevation  of  681.0,  apparently  on  red  and  gray  shale. 

Data  from  boring  FL-1,  between  the  dam  structure  and  lock,  is  described  in  the  condi¬ 
tion  survey  (Wong,  et.  al,  undated)  as  indicating  good  contact  between  the  rock  and  the 
concrete.  Dam  pier  3  was  selected  for  analysis  to  provide  an  example  of  a  very  safe  and 
rehable  structure  for  calibrating  the  proposed  procedure. 

11.3  Performance  Modes.  Pier  3  was  analyzed  for  three  performance  modes; 
sliding,  overturning,  and  bearing  capacity. 

11.4  Water  Levels  for  Analysis.  The  following  water  level  were  used  for  analysis: 

Case  Upper  Pool  Water  in  Backfill 

Normal  Operating  743.5  726.9 

Maintenance  743.5  726.9 

The  normal  operating  case  reflects  the  usuaUy-prevaihng  conditions  at  the 
structure.  The  maintenance  case  reflects  the  same  water  levels,  but  with  one  gatebay 
dewatered  for  gate  maintenance.  This  has  the  effect  of  reducing  the  weight  of  the 
monolith. 
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Figure  11.1  Locks  and  Dam  No.  4,  Dam  Piers 
Cross-Section 
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Sliding  Analysis 


11-5  Random  Variables.  Ten  random  variables  were  used  in  the  sliding  analysis; 
these  are  summarized  in  Table  11.1.  Random  variables  (1)  and  (2)  reflect  properties  of 
the  riverbed  alluvium  which  were  assigned  based  on  experience.  The  dam  foundation 
was  constructed  by  excavating  through  clayey  shale  to  more  competent  shale.  Random 
variables  (3)  and  (4)  represent  the  properties  of  the  upper  clay  shale;  the  properties  of 
the  red  and  gray  shale  foundation  rock  are  represented  by  random  variables  (5)  and  (6). 
The  peak  strengths  of  the  foundation  rock  are  assumed  the  same  as  at  previous  struc¬ 
tures;  the  residual  strengths  are  based  on  site-specific  data  only. 

The  total  weight  of  the  entire  30  foot  monolith  wide  is  represented  by  the  random 
variable  W  (7).  Its  expected  value  is  taken  as  649.3  kips  for  the  normal  operating  case 
and  661.0  kips  for  the  maintenance  case.  Its  coefficient  of  variation  of  5  percent  was 
assigned  to  be  consistent  with  the  values  used  for  concrete  density  in  previous  analysis. 
The  impact  force  (8)  of  5.0  kip/ft  is  higher  than  lateral  force  assumed  in  previous 
analyses  because  it  represents  a  head-on  impact  to  a  pier  rather  than  a  side-on  impact  or 
puli  at  a  lock  wall.  The  wind  force  (9)  is  obtained  as  a  total  force  from  a  114  ft  width  of 
the  service  bridge  transmitted  to  the  30  feet  wide  monolith.  The  wind  force  acting  on 
the  narrow  pier  itself  is  negligible. 
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Table  11.1 

Locks  and  Dam  No.4.  Dam  Pier  3 
Random  Variables  for  Sliding  Analysis 


Variable 

Mean 

a 

Alluvium 

(1)  Ysoil 

0.125  kef 

0.0065 

5 

(2)  0’soi. 

32  deg 

3.2  deg 

10 

Rock  embedment 

(3A)  c^k 
(peak) 

12.0  ksf 

6.0 

50 

f4A)  tan  0^^, 

(peak) 

1.35 

0.608 

45 

(“tA)  <!>•  ^ 

49.767  deg 

13.173 

26.5 

Pc,0  (peak)  “  "-70 

0 

0 

0 

f4B)  tan  0’^fc 
(residual) 

135 

0.608 

45 

Pdt’af 

16.648  deg 

3.151 

18.927 

Rock  at  base 

(5A) 

(peak) 

11.0  ksf 

7.70 

70 

(6A) 

(peak) 

1.50 

0.675 

45 

(6A)  <»’  ^ 

52.416  deg 

12.893 

24.6 

Pc, 0  (peak)  *.70 

[Sld^ 

0 

0 

0 
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Table  11.1  (cont’d) 

Locks  and  Dam  No.4.  Dam  Pie.r  ^ 
Random  Variables  for  Sliding  Analysis 


Variable 

Mean 

CT 

V,  % 

(6B)  tan  0’^^ 

(residual) 

0.5 

0.125 

25 

(6B)  0’ 

(residual) 

16.648  deg 

3.151 

18.927 

(7)  Weight,  W 

W  kip/ft 

0.05  W 

5 

(8)  Impact  Force,  Fi„p3„ 

5.0  kip/ft 

2.5 

50 

(9)  Wind  Force,  F,^„d 

58.8  kips/30  ft 

11.8/30 

20 

(10)  Uplift  factor,  E 

0.6667 

0.105 

15.7 

11.6.  Results.  Sliding  analyses  were  performed  using  the  simple  method  in 
combination  with  both  the  Taylor’s  series  and  the  point  estimate  method  anH  the 
CSLIDE  method  the  Taylor’s  Series  method  only.  Results  of  the  sliding  analyses  are 
summarized  in  Table  11.2  and  11.3.  Typical  free  body  diagrams  are  shown  in  Figures 
11.2  and  11.3. 

Reliability  indices  were  foimd  to  be  on  the  order  of  10  assuming  peak  strength  parame¬ 
ters  and  5  assuming  residual  strength  parameters.  Residual  strength  conditions  are  not 
realistic  as  their  use  would  imply  pre-existing  planes  across  bedding  planes  in  the  clay- 
shale  embedment  material.  As  previously  observed  for  other  structures,  reliability  index 
values  are  reasonably  consistent  even  where  different  considered  performance  functions 
yield  very  different  expected  factor  of  safety. 


11-5 


Figure  11.2  Locks  and  Dam  No.  4,  Dam  Piers,  Free  Body  Diagram 
Sliding  Stability  Analysis — ^Normal  Operating  w/  Impact  Force 
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Forces  in  kips  per  lineal  foot 


Figure  11.3  Locks  and  Dam  No.  4,  Dam  Piers,  Free  Body  Diagram 
Sliding  Stability  Analysis-Maintenance  Condition 
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216.8-33.2E 

Forces  in  kips  per  lineal  foot 


Figure  11.4  Locks  and  Dam  No.  4,  Dam  Piers,  Free  Body  Diagram 
Overturning  Stability  Analysis— Maintenance  Condition 
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Table  11.2 

Locks  and  Dam  No.  4,  Dam  PMer  ?, 


Sliding  Analysis  Using  Peak  Strengths 


Condition 

Deterministic 

Model 

Probabilistic 

Model 

E[FS] 

Normal 

Simple  method 

Taylor  series 

13.27 

3.41 

10.11 

operating 

Simple  method 

Point  estimate 

13.34 

3.45 

10.06 

CSLIDE 

Taylor  series 

19.91 

5.55 

10.73 

Maintenance  Simple  method 

Taylor  series 

15.82 

3.85 

11.39 

Simple  method 

Point  estimate 

15.82 

3.87 

11.34 

CSLIDE 

Taylor  series 

2021 

5.60 

10.85 

Table  11.3 

Locks  and  Dam  No  4. 

Dam  Pier  3 

Sliding  Analysis  Using  Residual  Strengths 

Condition 

Deterministic 

Probabilistic 

E[FS] 

2.FS 

§. 

Model 

Model 

Normal 

Simple  method 

Taylor  series 

2.67 

0.58 

4.50 

operating 

Simple  method 

Point  estimate 

2.69 

0.59 

4.45 

CSLIDE 

Taylor  series 

331 

0.69 

5.70 

High 

Simple  method 

Taylor  series 

320 

0.66 

5.65 

Water 

Simple  method 

Point  estimate 

321 

0.67 

5.54 

CSLIDE 

Taylor  series 

339 

0.72 

5.80 
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Overturning  Analysis 


11.7  Random  Variables.  Random  variables  relevant  to  overturning  analysis  are 
similar  to  those  for  sliding  analysis;  however,  the  strength  of  the  founding  material  does 
not  enter  the  analysis.  Assigned  values  are  summarized  in  Table  11,4.  For  overturning, 
the  alluvial  soil  in  the  embedment  zone  is  assumed  to  be  in  an  at-rest  condition  both 
upstream  and  downstream  of  the  structure.  The  clay-shale  rock  in  the  embedment  zone 
is  assumed  to  be  cracked  away  from  the  structure  and  the  overlying  alluvial  soil  is 
assumed  to  extend  to  the  base  of  the  structure.  The  assumed  moments  for  the  uplift 
parameter,  E,  reflect  an  assumption  of  reduced  uplift  due  to  head  loss  through  the 
embedment  material. 


Table  11.4 

Locks  and  Dam  No.  3.  Dam  Pier  3 
Random  Variables  for  Overturning  Analysis 


Variable 

Mean 

a 

(^)  Ysoii 

0.125  kef 

0.0065 

5 

(2)  0’soil 

32  deg 

3.2  deg 

10 

(3)  Weight,  W 

W  kip/ft 

0.5  W 

5 

(4)  Impact  Force,  F^^p^^ 

1.0  kip/ft 

0.5 

50 

(5)  Wind  Force,  F^„, 

58.8  kips/30  ft 

20 

(6)  Uplift  factor,  E 

0.6667 

0.105 

15.7 

11.8.  Results.  Results  of  the  overturning  analyses  are  summarized  in  Table  11.4. 
A  typical  fee  body  diagram  is  shown  in  Figure  11.4  The  reliability  indices  /Spg  and 
associated  with  true  limit  states,  all  exceed  10.0,  indicating  very  high  reliability.  Like 
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Table  11^ 

Locks  and  Dam  No.  4.  Dam  Pier  3 
Results  of  Overtumin|g  Analyses  -  Factor  of  safety 


Condition 

Probabilistic 

Model 

E[FS] 

2fs 

iSps 

Normal 

TS 

Z39 

.126 

16.6 

Normal 

PE 

2.39 

.126 

16.6 

Maintenance 

TS 

2.11 

.147 

10.7 

Maintenance 

PE 

2.11 

.148 

10.7 

Table  11.6 

Locks  and  Dam  No.  4.  Dam  Pier  3 

Results  of  Overturning  Analyses  -  Resultant  Location 

Condition 

Probabilistic 

Model 

E[X.J 

^oe 

^1/6 

^1/4 

Normal 

TS 

25.61  124 

20.6 

12.02 

7.73 

3.44 

Normal 

PE 

25.56  125 

20.4 

11.90 

7.64 

3.38 

Maintenance 

TS 

2832  0.44 

63.9 

39.86 

27.82 

15.8 

Maintenance 

PE 

28.29  0.45 

63.6 

39.56 

27.58 

15.6 
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wise,  most  of  the  performance  state  measures  and  are  high,  indicating  a  high 
probability  that  the  most  or  all  of  the  base  is  in  compression. 

Bearing  Capacity  Analysis 

11.9.  Random  Variables.  Ten  random  variables  were  used  for  the  bearing 
capacity  analyses.  The  moments  for  these  variables  are  consistent  with  previous  analyses. 

Their  assumed  values  are  shown  in  Table  11.7. 

I 

11.10.  Results.  Results  of  the  bearing  capacity  analyses  are  shown  in  Table  11.8.  1 

I 

As  was  previously  observed  for  other  structures,  results  are  highly  dependent  on  the 
probabilistic  model  used  due  to  the  non-linearity  of  the  performance  function.  The 
results  for  the  point  estimate  method  are  considered  more  correct.  Where  this  method 
was  used,  the  reliability  index  was  approximately  8.0,  indicating  high  reliability. 

Summary  and  Discussion 

11.11.  Dam  pier  3  was  selected  for  analysis  to  provide  an  example  of  a  very  safe 

and  reliable  structure  for  the  calibration  of  target  reliability  index  values.  With  reliabili¬ 
ty  indices  generally  at  or  above  10.0  for  sliding,  10.0  for  overturning,  and  8.0  for  bearing 
capacity,  it  is  indeed  very  reliable.  I 
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Table  11.7 

Locks  and  Dam  No.4  .  Dam  Pier  3 


Random  Variables  foi 

•  Bearing  Analysis 

Variable 

Mean 

a 

V,  % 

(1)  Ysoil 

0.125  kef 

0.0065 

5 

(2)  ■P'^ 

32  deg 

3.2  deg 

10 

(3) 

11.0  ksf 

7.70 

70 

(peak) 

54.66  deg 

0.1383  rad 

14.5 

(peak) 

P c,0  (peak)  ~  -.70 

(5)  Weight,  W 

Wldp/ft 

0.5  W 

5 

(6)  Impact  Force, 

1.0  kip/ft 

0.5 

50 

(7)  Wind  Force,  F^^ 

58.8  kips/30  ft 

20 

(8)  Uplift  factor,  E 

0.6667 

0.105 

15.7 

(8)Xk 

Normal 

25.61  ft 

1.243 

4.05 

Maintenance 

2832  ft 

0.443 

1.56 

(9)  5 

Normal 

11.09  deg 

0.0178  red 

8.67 

Maintenance 

10.81  deg 

0.0024 

139 
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Table  11.8 


Locks  and  Dam  No.3.  Dam  Pier  3 
Results  of  Bearing  Analyses 


Loading 

Condition 

Method 

m.ti 

(laps) 

mi 

(igp-s) 

E[FS] 

^Oult 

(kips/ft) 

I 

Normal 

TS 

839,239 

13,638 

61.5 

1,766,361 

2.51 

Operating 

PE 

20,722,800 

13,638 

1519 

20,781,060 

7.92 

High  Water 

TS 

992,028 

13,990 

70.9 

2,123,658 

2.59 

PE 

24,938,290 

13,990 

1782 

24,837,270 

8.16 
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PART  XH:  REUABIUTY  ANALYSIS  FOR  GRAY’S  LANDING,  MONOLITH  L-20 

Problem  Description 

12.1.  Description  of  Project.  Gray’s  Landing  Locks  and  Dam  is  a  new  structure 
on  the  Monongahela  River  at  mile  82.0.  It  replaces  Lock  and  Dam  No.  7  some  3  miles 
upstream  at  Gray’s  Landing,  Pennsylvania  Project  data  used  for  the  analyses  herein  was 
taken  from  Design  Memorandum  No.  4,  Feature  Design  Memorandum,  (U.S.  Army 
Engineer  District,  Pittsburgh,  1987) 

12.2.  Description  of  Monolith  L-20  and  Rationale  for  Selection.  The  purpose  for 
anai)(^ing  a  monolith  at  Gray’s  Landing  was  to  determine  the  reliability  index  values 
that  would  be  obtained  for  a  modem  stmcture  designed  to  current  Corps’  criteria  A 
cross-section  of  the  selected  monolith,  L-20,  is  shown  in  figure  12.1.  The  monolith  is  a 
land  wall  chamber  monolith  62  feet  high  with  a  37  foot  wide  base.  It  is  embedded  26 
feet  in  rock  on  the  landside  and  12.5  feet  on  the  chamber  side,  and  has  36  feet  of 
additional  soil  backfill  on  the  landside.  In  contrast  to  previously  considered  stmctures,  a 
thorough  geologic  investigation  had  been  performed  and  the  foundation  rock  mapped 
into  a  number  of  distinct  layers  or  groups.  Samples  assigned  for  testing  had  been 
matched  to  these  numbered  units,  as  were  rock  strata  in  each  boring.  As  a  result,  the 
foundation  materials  at  the  monolith  are  reasonably  well  known. 

123.  Performance  Modes.  Monolith  L-20  was  analyzed  for  sliding,  overturning, 
and  bearing  capacity. 

12.4.  Water  Levels  for  Analysis.  The  following  water  levels  were  considered  for 
analysis: 


Case 

Water  in  Chamber 

Water  in  Backfill 

Normal  Operating 

763.0 

763.0 

Maintenance 

7433 

769.5 

High  Water 

792.0 

793.0 

The  normal  operating  case  represents  normally-prevailing  conditions  at  the  lock.  The 
maintenance  case  represents  a  dewatered  lock  condition,  and  the  high  water  conditions 
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model  a  flood  to  the  top  of  the  lock  walls. 


12.5.  Random  Variables.  Ten  random  variables  were  used  in  the  sliding  analyses. 
The  probabilistic  moments  assigned  to  these  random  variables  are  summarized  in  Table 
12.1,  and  are  based  on  information  from  the  Feature  Design  Memorandum,  engineering 
judgment,  and  consistency  with  previous  analyses.  Of  particular  interest  are  the  parame¬ 
ters  for  the  various  rock  imits.  At  Gray’s  Landing,  the  rock  in  question  had  been 
delineated  into  five  numbered  units  or  strata,  and  sufficient  test  data  were  available  to 
perform  a  regression  analysis  on  test  data  from  each  unit.  After  this  was  done,  to 
simplify  the  probabilistic  analysis,  moments  were  assigned  for  the  rock  embedment 
variables  (3)  and  (4)  based  on  the  test  statistics  for  units  2  and  3  taken  together,  and  for 
the  base  rock  variables  (5)  and  (6)  based  on  the  test  statistics  for  units  4  and  5  taken 
together. 
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Table  12.1 

Gray's  Landing  Lock  and  Dam.  Monolith  L-20 
Random  Variables  for  Sliding  Analysis 


c 


Variable 

Mean 

o 

(1)  Vrai 

0.125  kef 

0.00625 

5 

(2) 

32  deg 

3.2  deg 

10 

Rock  embedment 

(3A) 

(peak) 

2.5  ksf 

1.75 

70 

(4A)  tan  0’^, 

(peak) 

1.70 

0.765 

45 

(4A)  ^ 

Pc.0  (peak)  “  *.70 

55.77 

11.266 

20.2 

[Si(hia5 

0 

0 

0 

(4B)  tan  0’^ 

(residual) 

0.68 

0350 

51.41 

32  deg 

14.4 

45 

Rock  at  base 

PA)  c^fc 

(peak) 

35.0  ksf 

24.5 

70 

f6A) 

(peak) 

1.50 

0.675 

45 

Pc,0  (peak)  ““  “.70 

52.6  deg 

11.90 

22.6 

0 

0 

0 
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Table  12.1  (cont’d) 

Gray’s  Landing  Lock  and  Dam.  Monolith  L-20 
Random  Variables  for  Sliding  Analysis 


Variable 

Mean 

CT 

(6B)  tan  0’^^ 

(residual) 

1.112 

0.685 

61.61 

(6B)  0’ 

(residual) 

42  deg 

18.9 

45 

0)  Yrock 

0.165 

0.00825 

5 

(^)  Yconc’ 

0.150  kef 

0.0075 

5 

(9)  Pull  Force,  F 

1.0  kip/ft 

0.5 

50 

(10)  Uplift  factor,  E 

0.6667 

0.105 

15.7 

12.6.  Results.  Results  of  the  sliding  analyses  are  summarized  in  Tables  1 7., 7  anH 
12.3.  Typical  freebody  diagrams  are  shown  in  Figures  122  and  12.3.  For  peak  strength 
assumptions,  values  of  /3  are  above  6.0  for  the  simple  method  and  above  5.0  for  the 
CSLIDE  method,  indicating  a  high  reliability.  For  residual  strength  assumptions, 
expected  values  for  the  factor  of  safety  are  above  2.0  for  all  methods  and  cases,  which 
would  be  considered  acceptable  in  deterministic  analyses.  However,  reliability  index 
values  are  as  low  as  136.  This  arises  due  to  the  high  coefficients  of  variation  associated 
with  the  rock  friction  angles.  As  reduction  of  strength  to  the  residual  condition  would 
require  prior  cross-bed  shear  planes  in  the  embedment  rock,  the  these  low  p  values  are 
not  considered  representative  of  the  actual  reliability. 
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Forces  in  kips  per  lineal  foot 


Figure  12.2  Grays  Landing  Locks  and  Dam,  L20,  Free  Body  Diagram 
— Sliding  Stability,  Normal  Operating  w/  Hawser  Force 


Forces  in  kips  per  lineal  foot 

Figure  123  Grays  Landing  Locks  and  Dam,  L20,  Free  Body  Diagram 
— Sliding  Stability,  Maintenance  Condition 
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Table  12.2 

Gray’s  Landing.  Monolith  L-20 


Slidine  Analysis  Using  Peak 

Strengths 

Condition 

Deterministic 

Probabilistic 

E[FS] 

2fs 

£ 

Model 

Model 

Normal 

Simple  method 

Taylor  series 

25.38 

12.97 

6.47 

Operating 

Simple  method 

Point  estimate 

26.78 

13.15 

6.84 

CSLIDE 

Taylor  series 

11.16 

5.13 

5.25 

Maintenance 

Simple  method 

Taylor  series 

16.78 

8.03 

5.98 

Simple  method 

Point  estimate 

17.57 

7.99 

6.39 

CSLIDE 

Taylor  series 

1020 

4.39 

539 

High  Water  Simple  method 

Taylor  series 

3829 

21.23 

6.78 

Simple  method 

Point  estimate 

4020 

21.65 

7.09 

CSLIDE 

Taylor  series 

16.95 

8.81 

5.44 

Overturning  Analysis 

12.7.  Random  Variables.  Random  variables  relevant  to  overturning  analysis  are 
similar  to  those  for  previous  analyses  and  are  summarized  in  Table  12.4. 
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Table  12.3 


Gray’s  Landing,  Monolith  L-20 
Sliding  Analysis  Using  Residual  Strengths 


Condition 

Deterministic 

Model 

Probabilistic 

Model 

EOES] 

^FS 

§. 

Normal 

Simple  method 

Taylor  series 

3.48 

2.34 

1.73 

operating 

Simple  method 

Point  estimate 

4.53 

2.85 

2.33 

CSLIDE 

Taylor  series 

2.02 

0.93 

1.53 

Maintenance  Simple  method 

Taylor  series 

2.55 

1.69 

1.25 

Simple  method 

Point  estimate 

3.27 

2.02 

1.81 

CSLIDE 

Taylor  series 

2.01 

1.03 

1.36 

High  Water 

Simple  method 

Taylor  series 

4.05 

2.72 

1.99 

Simple  method 

Point  estimate 

536 

3.36 

2.63 

CSUDE 

Taylor  series 

235 

1.10 

1.66 
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Table  12.4 

Gray’s  Landing.  Monolith  1^20 
Random  Variables  for  Overturning  Analysis 


Variable 

Mean 

a 

(I)  Vsoi] 

0.125  kef 

0.00625 

5 

(2) 

32  deg 

3.2  deg 

10 

Rock  embedment 

(3)  O' 

52.416 

12.892 

24.6 

(4)  Yc™, 

0.150  kef 

0.0075 

5 

(5)  Pull  Force,  F 

1.0  kip/ft 

0.5 

50 

(6)  Uplift  factor,  E 

0.6667 

0.105 

15.7 

12.8.  Results.  Results  of  the  overturning  analyses  are  summarized  in  Tables  12.5 
and  12.6.  A  typical  free-body  diagram  is  shown  in  Figure  12-4.  Values  for  /Spg  exceed 
6.0  for  all  considered  conditions,  and  exceed  8.0  when  vertical  shear  is  assumed  on  a 
vertical  plane  through  the  heel.  Values  for  exceed  8.0  for  all  considered  conditions. 
Some  of  the  values  for  and  are  negative,  indicating  a  relatively  high  probability 
that  the  entire  monolith  base  is  not  in  compression. 
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Forces  in  kips  per  lineal  foot 


Figure  12.4  Grays  Landing  Locks  and  Dam,  L20,  Free  Body  Diagram 
— Overturning  Stability,  Maintenance  Condition 
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Table  12.5 

Gray’s  Landing.  Monolith  L-20 
Results  of  Overturning  Analyses-  Factor  of  Safety 


Case 

Prob 

mm 

^FS— 

S-FS 

Without  vertical  shear: 

Normal 

TS 

1.58 

.118 

6.09 

Normal 

PE 

1.59 

.115 

6.32 

Maintenance 

TS 

1.66 

.130 

6.42 

Maintenance 

PE 

1.66 

.127 

6.67 

High 

TS 

1.45 

.073 

7.31 

High 

PE 

1.45 

.070 

7.67 

With  vertical  shear: 

Normal 

PE 

1.80 

.120 

8.77 

Maintenance 

PE 

1.87 

.132 

8.91 

12-12 


Table  12.6 


Gray’s  Landing.  Monolith  L-20 
Results  of  Overturning  Analyses-  Resultant  Location 


Case  Prob 

Without  vertical  shear 

E[Xrl 

Normal 

TS 

9.74 

Normal 

PE 

9.70 

Maintenance  TS 

9.04 

Maintenance  PE 

9.01 

High 

TS 

12.07 

High 

PE 

12.04 

With  vertical  shear 

Normal 

PE 

1334 

Maintenance  PE 

12.61 

2xr 

^oc 

i-l/6 

^1/4 

^cem 

1.15 

8.48 

3.11 

0.42 

-2.26 

1.15 

8.42 

3.07 

0.39 

-2.28 

0.97 

9.32 

2.96 

-0.22 

-3.40 

0.97 

9.26 

2.92 

-0.24 

-3.41 

1.04 

11.66 

5.71 

2.73 

-0.25 

1.04 

11.54 

5.63 

2.68 

-0.28 

1.19 

1125 

6.05 

3.45 

0.85 

1.01 

12.52 

6.40 

334 

027 

Bearing  Capacity  Analysis 


12.9.  Random  Variables  used  for  bearing  capacity  analyses  are  summarized  in 
Table  12.7  and  are  similar  to  and  consistent  with  previous  analyses  and  assumptions. 

12.10.  Results  of  the  bearing  capacity  analyses  are  summarized  in  Table  12.8. 
Consistent  with  previous  analyses,  reliability  index  values  are  very  high  (above  6.0)  and 
values  obtained  using  the  point  estimate  method  are  much  higher  than  those  obtained 
using  the  Taylor’s  series  method. 
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Table  12.7 

Gray’s  Landing.  Monolith  L-20 
Random  Variables  for  Bearing  Analysis 


Variable 

Mean 

a 

YJSo 

(1)  Ysoil 

0.125  kef 

0.00625 

5 

(2) 

32  deg 

3.2  deg 

10 

(^)  ^rock  cmb 

2.5  ksf 

1.75 

70 

(4)  tan  0^^,emb 

1.70 

0.765 

45 

(^)  ^  rock  cmb 

52.416 

12.892 

24.6 

Pc,«  =  -.70 

(^)  ^rock  base 

35.0  ksf 

24.5 

70 

(^)  0  rock  base 

52.416  deg 

12.892 

24.6 

Pc..  =  --70 

(7)  Y  rockbase 

0.165 

0.00825 

5 

(^)  Yconc* 

0.150  kef 

0.0075 

5 

(9)  Pull  Force,  F 

1.0  kip/ft 

0.5 

50 

(10)  Uplift  factor,  E 

0.6667 

0.105 

15.7 

(11)  Xr 

Normal 

9.736  ft 

1.148  ft 

11.79 

Maintenance 

9.041 

0.970 

10.73 

High  Water 

12.075 

1.035 

8.57 

(12)  S 

Normal 

27.83  deg 

0.493  rad 

10.15 

Maintenance 

2827 

0.0374 

159 

High  Water 

22.10 

0.503 

13.04 
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Table  12.8 

Gray’s  T  ending.  Monolith  L-2Q 
Results  of  Bearing  Analyses 


Loading 

£ 

Method 

aaiti 

msi 

HESl 

Condition 

(Mp-s/ft) 

(Mp-s/ft) 

Qgps/ft) 

Normal 

TS 

310,504 

213.1 

1,457 

424,136 

6.58 

Operating 

PE 

3,769,013 

213.1 

19,881 

4,342,311 

10.82 

Maintenance 

TS 

287,617 

248.2 

1,159 

389,114 

6.40 

PE 

3,769,013 

248.2 

15,185 

3,842,833 

10.55 

High  Water 

TS 

458,883 

145.0 

3,166 

651,292 

7.13 

PE 

6,152,014 

145.0 

42,439 

6,205,024 

11.84 

Sununarv  and  Discussion 


12.11  Gray’s  Landing  Locks  and  Dam,  Monolith  L-20,  was  chosen  to  provide 
calibration  data  reflective  of  a  modem,  well-designed  stmcture.  In  this  regard,  it  was 
found  to  have  reliability  index  values  above  5.0  for  sliding,  6.0  for  overturning,  and  6.0 
for  bearing  capacity. 
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PART  Xm:  RELIABILITY  ANALYSIS  FOR  DEMOPOUS  LOCKS  AND  DAM, 

MONOUTH  L-17 


Problem  Description 

13.1.  Demopolis  Lock  and  Dam  is  located  on  the  Tombigbee  River  at  navigation 
mile  213.2,  about  3.6  miles  below  the  confluence  of  the  Tombigbee  and  Black  Warrior 
Rivers  at  Demopolis,  Alabama.  The  structure  was  completed  in  1955.  A  review  of 
piezometric  data  in  the  1980’s  indicated  that  the  saturation  line  in  the  backfill  behind  the 
Landslide  lock  wall  was  higher  than  that  assumed  in  the  design.  Stability  analyses  of  the 
wall  performed  for  the  fifth  periodic  inspection  report  in  1987  showed  that  current 
Corps’  criteria  for  overturning  stability  were  not  met. 

13.2.  In  August  1989,  the  Mobile  District  of  the  Corps  prepared  a  letter  report 
(U.S.  Army  Corps  of  Engineers,  Mobile,  1989)  proposing  the  removal  of  20  feet  of 
backfill  and  provision  of  a  drainage  system.  These  alterations  would  reduce  the  overturn¬ 
ing  moment  on  the  land  wall  and  obtain  a  more  favorable  location  for  the  effective 
resultant  force  on  the  base.  Specifically,  the  letter  report  indicated  that  for  monolith  L- 
17,  43.4  percent  of  the  base  would  be  in  compression  for  the  normal  operating  condition, 
while  criteria  required  at  least  75  percent  of  the  base  in  compression.  The  letter  report 
provided  a  case  history  of  a  situation  where  an  unsatisfactory  stability  condition  was 
identified  and  remedial  action  was  taken  based  on  the  results  of  deterministic  analyses. 
Accordingly,  monolith  L-17  was  selected  for  probabilistic  analyses  to  evaluate  the  differ¬ 
ence  in  reliability  before  and  after  removal  of  the  backfill  as  well  as  the  contributions  to 
reliability  related  to  imcertainty  in  the  uplift  and  vertical  shear.  These  comparative 
analyses  should  provide  some  information  to  calibrate  target  reliability  index  values  to 
be  associated  with  both  structures  in  need  of  remedial  action  and  satisfactory  structures. 

13.3.  A  representative  cross-section  of  monolith  L-17  is  shown  in  figure  13.1.  The 
lock  backfill  consists  of  a  medium  to  high  plasticity  clay  (CL  to  CH)  down  to  elevation 
47  and  then  a  silty,  clayey  sand  (SC  to  SM)  down  to  elevation  12.  The  monolith  is 
founded  seven  feet  below  the  top  of  the  chalk  at  elevation  5.  Originally,  the  backfill 
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EL  84 


EL  64 


EL  37.^: 


(After  removing  20’  backfill) 

CHCL  / 

BACKFILL  / 

Kh=0.9  / 

EL  47  / 


SCSM 
BACKFILL 
Kh=0.66  / 


^SELMA  ^ 
1  CHALK  ^ 


EL  69 


’Hawser 


EL  33 


All  Dimensions  In  feet 


Figure  13.1.  Demopolis  Locks  and  Dam,  L17 
Cross-Section 
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extended  to  the  top  of  the  lock  wall  at  el.  84,  Twenty  feet  of  this  material  was  removed 
as  shown  by  dashed  line  in  figure  13.1. 

13.4.  Water  Levels  for  Analysis.  The  following  water  levels  were  used  for 
analyses. 


Case 

Water  in  Chamber 

Water  in  Backfill 

Before  removal  of  the  backfill 

Normal  Operating 

33.0 

73.0 

Maintenance 

12.0 

73.0 

High  Water 

83.0 

84.0 

After  removal  of  the  backfill 

Normal  Operating 

33.0 

64.0 

Maintenance 

12.0 

64.0 

High  Water 

83.0 

84.0 

Sliding  Analysis 

13.5.  Random  Variables.  Random  variables  used  in  the  sliding  analysis  were 
characterized  by  the  values  shown  in  Table  13.1.  The  expected  value  for  soil  density  is 
consistent  with  the  design  value  in  the  Mobile  District’s  letter  report.  The  expected 
value  of  the  soil  fiiction  angle  is  consistent  with  the  drained  friction  aTigi<>  given  in  the 
letter  report;  however,  no  c  value  is  used  in  the  present  analysis  in  order  to  model  a 
drained  sliding  condition.  The  physical  significance  of  the  cohesion  given  in  the  report  in 
the  letter  context  of  a  sliding  analysis  is  not  clear  and  inclusion  of  a  cohesion  component 
in  the  backfill  would  reduce  the  tendency  to  slide.  The  expected  value  of  the  developed 
angle  of  vertical  shear  (or  wall  friction),  6,  is  based  on  judgment  and  is  consisted  with 
that  used  for  Lock  and  Dam  No.  3.  The  expected  values  for  the  peak  strength  parame¬ 
ters  for  the  foundation  material,  the  Demopolis  chalk,  are  based  on  the  reported 
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Table  13.1 

Demopolis  Locks  and  Dam.  Monolith  L-17 
Random  Variables  for  Sliding  Analysis 


Variable 

Mean 

a 

(1)  Ysoil 

0.125  kef 

0.00625 

5 

(2)  0’soi. 

30.0  deg 

3.0 

10 

(3)6 

12.0  deg 

3.0 

25 

(4A) 

(peak) 

30.0  ksf 

21.0 

70 

(5A)  tan  0’^,, 

(peak) 

0.61 

0.2745 

45 

(5A)  0’ 

(peak) 

30.0  deg 

11.46 

38.2 

Pc,0  (peak)  “  -.70 

(4B) 

(residual) 

0 

0 

0 

(5B)  tan  0’^^ 

(residual) 

0.5 

1.429 

35 

(5B)  0’  ^ 

(residual) 

25.2  deg 

8.02 

31.84 

(^)  Yconciete 

0.150  kef 

0.0075 

5 

(7A)  Uplift  Factor,  E 

-0.40 

0.20 

50.0 

(8)  Lateral  Force,  F 

1.000 

OJOO 

50.0 

(9)  Saturation  level 

el.  68 

6.8 
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averaged  results  of  triaxial  compression  tests.  The  expected  value  of  the  residual  friction 
^gle,  0res,  is  based  on  the  letter  report  (U.S.  Army,  Mobile  1989).  The  expected  values 
of  the  uplift  factor,  E,  corresponds  to  the  assumption  that  part  of  the  base  is  not  in 
compression.  The  hawser  pull  force,  F,  and  the  density  of  concrete  are  consistent  with 
previous  analyses.  The  standard  deviations  and  coefficients  of  variation  for  the  parame¬ 
ters  are  based  on  judgment  and  experience  and  are  generally  consistent  with  previous 
analyses. 

13.6.  Results.  Results  of  the  sliding  analysis  are  summarized  in  Tables  13.2 
through  13.5.  Typical  free  body  diagrams  are  shown  in  Figures  13.2  and  13.3.  For  the 
peak  strength  assumption,  the  minimum  reliability  index  increased  from  3.49  to  4.19,  an 
increase  of  0.70;  values  for  other  cases  and  for  residual  strength  assumptions  increased 
similarly. 
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Forces  in  kips  per  lineal  foot 


Figure  13.2  Demopolis  Locks  and  Dam,  L17,  Free  Body  Diagram 
— Sliding  Stability,  Maintenance  Condition  w/  Backfill 
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Forces  in  kips  per  lineal  foot 


13J  Dmopolis  Locks  and  Dam,  L17,  Free  Body  Diagram 
—Sliding  Stability,  Maintenance  Condition  Removing  20’  Backfill 


Table  13.2 

Demopolis  Locks  and  Dam.  Monolith  L-17 
Before  Backfill  Removal 


Sliding  Analysis  Using  Peak 

Strengths 

Condition 

Deterministic 

Model 

Probabilistic 

Model 

EfFS] 

£ 

Normal 

Simple  method 

Taylor  series 

8.54 

5.05 

3.65 

operating 

Simple  method 

Point  estimate 

8.64 

5.08 

3.69 

CSUDE 

Taylor  series 

10.47 

6.15 

4.05 

Maintenance  Simple  method 

Taylor  series 

7.76 

5.56 

3.49 

Simple  method 

Point  estimate 

7.84 

438 

3.53 

CSUDE 

Taylor  series 

9.98 

6.09 

4.81 

High  Water 

Simple  method 

Taylor  series 

18.7 

11.8 

4.69 

Simple  method 

Point  estimate 

193 

12.3 

4.70 

CSUDE 

Taylor  series 

16.3 

9.89 

4.72 
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Table  13.3 

Demopolis  Locks  and  Dam.  Monolith  L-17 


Before  Backfill  Removal 
Sliding  Analysis  Using  Residual  Strengths 


Condition 

Deterministic 

Model 

Probabilistic 

Model 

E[FS] 

^FS 

S. 

Normal 

Simple  method 

Taylor  series 

0.78 

0.29 

-0.86 

operating 

Simple  method 

Point  estimate 

0.81 

0.30 

-0.78 

CSLIDE 

Taylor  series 

0.85 

0.28 

-0.68 

Maintenance 

Simple  method 

Taylor  series 

0.73 

0.27 

-1.06 

Simple  method 

Point  estimate 

0.75 

0.27 

-0.99 

CSLIDE 

Taylor  series 

0.79 

-.26 

-1.05 

High 

Simple  method 

Taylor  series 

137 

0.55 

-0.64 

Water 

Simple  method 

Point  estimate 

1.44 

0.57 

-0.77 

CSLIDE 

Taylor  series 

139 

032 

139 
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Table  13.4 

Demopolis  Locks  and  Dam.  Monolith  L-20 
After  Backfill  Removal 


Sliding  Analysis  Using  Peak 

Strengths 

Condition 

Deterministic 

Probabilistic 

E[FS] 

2fs 

§. 

Model 

Model 

Normal 

Simple  method 

Taylor  series 

14.40 

8.77 

4.46 

operating 

Simple  method 

Point  estimate 

14.45 

9.22 

4.28 

CSLIDE 

Taylor  series 

11.6 

5.74 

4.99 

Maintenance 

Simple  method 

Taylor  series 

1220 

7.41 

4.19 

Simple  method 

Point  estimate 

12.30 

7.80 

4.02 

CSLIDE 

Taylor  series 

103 

525 

4.59 

High  Water 

Simple  method 

Taylor  series 

41.78 

26.53 

6.12 

Simple  method 

Point  estimate 

52.56 

2833 

5.89 

CSLIDE 

Taylor  series 

18.1 

10.6 

5.06 
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Table  13.5 

Demopolis  Locks  and  Dam.  Monolith  L-17 


After  Backfill  Removal 
Sliding  Analysis  Using  Residual  Strengths 


Condition 

Deterministic 

Probabilistic 

E[FS] 

2fs 

& 

Model 

Model 

Normal 

Simple  method 

Taylor  series 

1.06 

039 

-0.02 

operating 

Simple  method 

Point  estimate 

1.08 

0.40 

0.05 

CSLIDE 

Taylor  series 

Maintenance 

Simple  method 

Taylor  series 

0.93 

0.34 

-0.40 

Simple  method 

Point  estimate 

0.95 

0.35 

-0.33 

CSLIDE 

Taylor  series 

High 

Simple  method 

Taylor  series 

251 

0.99 

236 

Water 

Simple  method 

Point  estimate 

2.67 

1.03 

2.45 

CSLIDE 

Taylor  series 

1.44 

0.41 

1.17 

Overtuminf  Analysis 

13-7.  Random  Variables.  Random  variables  relevant  to  overturning  analysis  are 
summarized  in  Table  13.6.  At-rest  earth  pressure  coefficients  were  assigned  mean  values 
of  0.50  for  the  clay  backfill  above  the  saturation  line,  0.90  for  the  clay  backfill  below  the 
saturation  line,  and  0.66  for  the  silty  sand  backfill.  These  mean  values  correspond  to 
coefficients  reported  by  Mobile  District  in  the  letter  report.  Once  an  effective  earth 
pressure  distribution  was  obtained  using  these  coefficients,  the  entire  pressure 
distribution  was  taken  to  have  a  coefficient  of  variation  of  10  percent.  (Note  that  this 
infers  perfect  correlation  between  the  soil  layers,  or  the  clay  is  strong  if  the  sand  is 
strong,  etc.,  an  arguable  (assumption)  .  Analyses  were  made  neglecting  wall  friction,  and 
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also  taking  wall  friction  as  a  random  variable  with  the  same  values  previously  used  for 
Locks  and  Dam  No.3,  monolith  L-8. 


Table  13.6 

Demopolis  Locks  and  Dam.  Monolith  L-17 
Random  Variables  for  Overturning  Analysis 


Variable 

Mean 

a 

V, 

(I)  Ysoil 

0.125  kef 

0.00625 

5 

(2)Kh 

0.5 

0.05 

10 

0.9 

0.09 

10 

0.66 

0.066 

10 

(3)5 

12.0  deg 

3.0 

25 

(^)  Vconcrete 

0.150  kef 

0.0075 

5 

(5)  Uplift  Factor,  E 

-0.40 

0.20 

50 

(6)  Lateral  Force,  F 

1.0  kip 

0.50 

50 

(7)  Water  in  backfiU 

el.  68 

6.8 

13.8.  Results.  Results  of  the  overturning  analysis  are  summarized  in  Tables  13.7 
and  13.8.  Typical  free-body  diagrams  are  shown  in  figures  13.4  and  13.5.  In  all  cases, 
removal  of  the  backfill  significantly  increased  the  reliability  index  values.  In  the  case  of 
/8ps,  the  minimmn  value  rose  from  0.22  to  5.29  while  the  factor  of  safety  increased  only 
the  minimum  value  of  increased  from  0.25  to  4.85.  Even  with  the  backfill  removed, 
however,  some  values  of  remain  negative. 
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Forces  in  kips  per  lineal  foot 

Figure  13.4  Demopolis  Locks  and  Dam,  L17,  Free  Body  Diagram 
—Overturning  Stability,  Maintenance  Condition  w/  BackfiU 
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Figure  13.5  Demopolis  Locks  and  Dam,  L17,  Free  Body  Diagram 
— Overturning  Stability,  Maintenance  Condition  Removing  20’  Backfill 


Table  13.7 

Demopolis  Locks  and  Dam  Monolith  L-17 
Results  of  Overturning  Analvses-Factor  of  Safety 


Before  backfill  removal:  without  wall  friction 


Case 

Prob 

E[FS] 

fips 

^FS 

Normal 

TS 

1.03 

.056 

0.51 

Normal 

PE 

1.05 

.057 

0.79 

Maint 

TS 

1.01 

.060 

0.22 

Maint 

PE 

1.05 

.062 

0.79 

High 

TS 

1.15 

.064 

2.53 

High 

PE 

1.17 

.065 

2.78 

Before  backfill  removal:  with  wall  friction 


Normal 

TS 

1.18 

.062 

3.07 

Normal 

PE 

1.19 

.062 

335 

Maint 

TS 

1.16 

.067 

2.58 

Maint 

PE 

120 

.069 

3.13 

High 

TS 

132 

.068 

5.29 

High 

PE 

133 

.068 

537 

After  backfill  removal:  without  wall  friction 


Normal 

TS 

137 

.058 

735 

Normal 

PE 

138 

.059 

7.70 

Maint 

TS 

134 

.075 

529 

Maint 

PE 

1.40 

.078 

6.00 

High 

TS 

131 

.045 

1335 

High 

PE 

132 

.045 

14.07 

After  backfill  removal:  with  wall  friction 


Normal 

TS 

1.47 

.064 

8.86 

Normal 

PE 

1.49 

.064 

9.13 

Maint 

TS 

1.45 

.081 

631 

Maint 

PE 

1.50 

.085 

7.15 

High 

TS 

1.60 

.049 

15.39 

High 

PE 

1.62 

.049 

15.77 
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Table  13.8 

Demopolis  Locks  and  Dam  Monolith  L-17 
Results  of  Overturning  Analvses-Resnltant  Location 


Before  backfill  removal:  no  wall  friction 


Case 

Prob 

E[2kl 

^Xr- 

^oe 

ftl/6  ftl/4 

^em 

Normal 

TS 

1.23 

2.27 

0.54 

-3.34  -5.28 

-7.23 

Normal 

PE 

1.70 

2.22 

0.77 

-3.22  -521 

-7.20 

Maint 

TS 

0.60 

2.41 

025 

-3.41  -5.24 

-7.07 

Maint 

PE 

1.72 

2.25 

0.76 

-3.16  -5.13 

-7.09 

High 

TS 

7.27 

2.56 

2.84 

-0.61  -234 

-4.06 

High 

PE 

7.75 

2.25 

3.04 

-0.42  -2.15 

-3.89 

Before  backfill  removal:  with  wall  friction 


Normal 

TS 

7.40 

2.36 

3.13 

-0.61 

-2.48 

-4.35 

Normal 

PE 

7.81 

2.12 

3.69 

-0.48 

-236 

-4.65 

Maint 

TS 

6.61 

2.60 

234 

-0.86 

-236 

-4.25 

Maint 

PE 

730 

2.09 

338 

-0.69 

-2.75 

-4.86 

High 

TS 

15.19 

233 

6.00 

231 

0.77 

-0.98 

High 

PE 

15.60 

231 

621 

2.69 

0.94 

-0.82 

After  backfill  removal:  without  wall  friction 


Normal 

TS 

11.56 

1.50 

7.72 

1.82 

-1.13  -4.08 

Normal 

PE 

11.92 

0.85 

14.14 

3.70 

-132  -6.73 

Maint 

TS 

10.42 

2.15 

4.85 

0.74 

-132  -338 

Maint 

PE 

1126 

0.95 

11.79  234 

-234  -6.71 

High 

TS 

20.12 

0.72 

28.04 

15.73 

937  3.42 

High 

PE 

20.12 

0.68 

3037 

1729 

10.74  4.20 

After  backfill  removal:  with  wall  friction 

Normal 

TS 

14.71 

1.70 

8.64 

3.45 

0.86  -1.74 

Normal 

PE 

15.02 

0.99 

15.14 

223 

1.78  -2.67 

Maint 

TS 

13.46 

239 

5.63 

1.93 

0.09  -1.76 

Maint 

PE 

14.09 

1.02 

13.88 

5.18 

0.83  -332 

High 

TS 

23.16 

1.07 

22.44 

14.17 

10.03  5.89 

High 

PE 

2423 

1.04 

23.19 

14.74 

1031  6.28 
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Summary  and  Discussion 


13.9.  The  analysis  of  monolith  L-17  provided  an  illustration  of  how  reliability 
index  values  may  increase  due  to  a  remedial  alteration  of  a  structure.  Removal  of  20  ft 
of  backfill  resulted  in  a  substantial  increase  in  reliability  index  values,  especially  for 
overturning  analyses,  even  though  increases  in  factor  of  safety  were  relatively  small. 
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PART  XIV:  DISCUSSION,  CONCLUSIONS  AND  RECOMMENDATIONS 


Introduction 

14.1.  Tins  final  part  is  organized  into  three  sections.  In  the  Discussion,  the  results 
of  all  sliding  and  overturning  analyses  are  combined  in  order  to  assess  overall  trends  in 
the  relationships  among  the  various  performance  functions,  limit  states,  and  probabilistic 
models  considered  in  the  analyses.  In  the  Conclusions,  the  major  findings  fi-om  all  of  the 
previous  parts  are  briefly  repeated.  Finally  in  the  Recommendations,  suggestions  are 
made  for  follow-on  studies. 


Discussion 


14-2.  Sliding ,  Analyses.  In  all,  117  separate  sliding  analyses  were  made  using 
various  combinations  of  water  levels,  uplift  assumptions,  strength  characterization  (peak 
vs.  residual),  performance  functions  (simple  vs.  CSLIDE)  and  probabilistic  models 
(Taylor  s  series  vs.  point  estimate).  Each  of  these  analyses  provided  an  expected  value 
for  the  factor  of  safety  and  a  reliability  index.  A  spreadsheet  summarizing  these  results 
was  constructed  and  is  printed  in  Table  14.1.  From  the  spreadsheet,  two  plots  were 
constructed  (figures  14.1  and  14.2).  In  figure  14.1,  the  reliability  index  )3  is  plotted  versus 
the  expected  value  of  the  factor  of  safety  on  log-log  scales.  From  the  table  and  this 
figure,  several  observations  can  be  made: 

1.  In  a  very  general  sense,  the  reliability  index  and  factor  of  safety  tend  to 
increase  together;  however,  there  can  be  very  different  values  of  the  reliability 
index  for  a  given  factor  of  safety,  and  vice  versa.  A  primary  factor  in  the  scatter 
appears  to  be  the  difference  between  soil  loads  and  water  loads,  which  are  treated 
the  same  in  deter mimstic  analyses,  but  have  very  different  degrees  of  uncertainty. 

2.  Where  peak  strengths  were  assumed,  all  calculated  p  values  were  above  3.5 
and  most  values  were  above  4.0.  For  cases  with  the  reliability  index  in  the  range 
4.0  to  6.0,  the  factor  of  safety  varied  in  the  range  2  to  20,  apparently  due  to 
different  levels  of  uncertainty  in  the  parameters  as  stated  above. 
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3.  None  of  the  structures  exhibited  a  low  ^  value  or  a  low  factor  of  safety  for 
assumed  conditions  (i.e.,  strengths,  anchor  forces)  that  are  considered  representa¬ 
tive  of  actual  conditions  at  the  structure. 

4.  Based  on  the  above,  it  would  appear  that  a  value  greater  than  4.0  indicates  a 
structure  that  is  highly  reliable  against  sliding  and  that  a  value  above  3.0  indicates 
a  structure  that  probably  has  satisfactory  reliability  against  sliding. 

14.3.  Effect  of  Performance  Function  for  Sliding.  Regarding  the  effect  of  the 
performance  function  (i.e.  simple  method  vs  CSLDDE),  neither  of  the  two  functions 
considered  results  in  consistently  greater  or  smaller  reliability  index  values.  Differences 
are  typically  within  1.0  unit,  although  the  difference  is  greater  in  some  cases.  Assuming 
that  prioritization  for  investment  is  based  on  broad  categories  of  beta  values  (e.g. 
remedial  action  for  p  less  than  2.0,  further  investigation  for  /5  less  than  4.0),  and  small 
differences  in  values  are  not  afforded  undue  significance,  it  appears  that  values  obtained 
using  the  two  performance  functions  are  sufficiently  similar  that  use  of  either  model 
would  lead  to  similar  engineering  decisions. 

14.4.  Effect  of  Probabilistic  Model  for  Sliding.  The  effect  of  the  two  different 
probabilistic  models  may  be  assessed  from  figure  14.2,  wherein  the  reliability  index  value 
obtained  from  the  point  estimate  method  is  plotted  against  that  obtained  fi’om  the 
Taylor’s  series  method.  The  diagonal  line  corresponds  to  the  condition  that  results  are 
equal.  For  linear  performance  functions,  the  results  should  be  equal.  Non-linearity  is 
introduced  by  the  0  parameter  for  earth  pressures  in  the  simple  method  and  by  the 
definition  of  the  factor  of  safety  in  the  CSLIDE  method  wherein  the  factor  of  safety  is 
applied  to  tan  0  of  all  materials.  For  these  cases,  the  point  estimate  method  typically 
yields  a  somewhat  greater  reliability  index  than  does  Taylor’s  series.  This  can  be 
explained  as  follows:  as  0  or  tan  <f>  increases,  the  safety  factor  increases  at  a  greater  rate; 
in  such  cases,  the  point  estimate  method  reflects  some  of  the  non-linearity  and  yields  a 
greater  value  for  the  expected  value  of  the  factor  of  safety  than  does  the  Taylor’s  series 
method,  which  obtains  the  expected  value  of  the  factor  of  safety  using  mean  values  of 
the  parameters.  Although  the  point  estimate  results  are  considered  to  be  more  correct 
than  the  Taylor’s  series  expansion  about  the  mean,  the  Taylor’s  series  method  is 
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Beta  (point  estimate) 


Rgure  14.1  Sliding  -  Beta  vs.  Factor  of  Safety 


Rgure  14.2  Sliding  -  Beta  (Point  Estimate)  vs  Beta  (Taylor’s  series) 
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Table  14.1 

Summary  Results  of  Sliding  Analyses 


No 

Structure  Strenath 

Case 

Perf 

Prob 

EFFSl 

Beta 

1 

LD2  Ml 6 

Peak 

Norm  A 

Simple 

TS 

28.96 

9.70 

2 

LD2  M16 

Peak 

Norm  A 

Simple 

PE 

28.97 

9.70 

3 

LD2  Ml 6 

Peak 

Norm  A 

CSLIDE 

TS 

30.00 

9.02 

4 

LD2  Ml  6 

Peak 

Norm  A 

CSLIDE 

PE 

31.38 

10.77 

5 

LD2  Ml 6 

Peak 

Maint  A 

Simple 

TS 

13.47 

7.85 

6 

LD2  Ml 6 

Peak 

Maint  A 

Simple 

PE 

13.48 

7.86 

7 

LD2  Ml 6 

Peak 

Maint  A 

CSLIDE 

TS 

13.12 

7.18 

8 

LD2  Ml 6 

Peak 

Maint  A 

CSLIDE 

PE 

13.77 

8.61 

9 

LD2  Ml 6 

Peak 

Hi  Wat  A 

Simple 

TS 

33.13 

9.47 

10 

LD2  Ml 6 

Peak 

Hi  Wat  A 

Simple 

PE 

33.15 

9.47 

11 

LD2  Ml 6 

Peak 

Hi  Wat  A 

CSLIDE 

TS 

35.77 

9.15 

12 

LD2  M16 

Peak 

Hi  Wat  A 

CSLIDE 

PE 

37.32 

10.94 

13 

LD2  Ml 6 

Peak 

Norm  B 

Simple 

TS 

22.47 

8.60 

14 

LD2  Ml 6 

Peak 

Norm  B 

Simple 

PE 

22.48 

6.59 

15 

LD2  Ml  6 

Peak 

Maint  B 

Simple 

TS 

10.01 

6.64 

16 

LD2  Ml  6 

Peak 

Maint  B 

Simple 

PE 

10.01 

6.64 

17 

LD2  Ml  6 

Res 

Norm  A 

Simple 

TS 

6.70 

5.06 

18 

LD2  Ml 6 

Res 

Norm  A 

Simple 

PE 

6.73 

5.08 

19 

LD2  Ml 6 

Res 

Norm  A 

CSLIDE 

TS 

6.06 

3.95 

20 

LD2  Ml 6 

Res 

Norm  A 

CSLIDE 

PE 

6.60 

4.53 

21 

LD2  Ml 6 

Res 

Maint  A 

Simple 

TS 

3.25 

3.01 

22 

LD2  M16 

Res 

Maint  A 

Simple 

PE 

3.26 

3.02 

23 

LD2  Ml 6 

Res 

Maint  A 

CSLIDE 

TS 

2.80 

2.24 

24 

LD2  Ml 6 

Res 

Maint  A 

CSLIDE 

PE 

3.09 

2.67 

25 

LD2  Ml 6 

Res 

Hi  Wat  A 

Simple 

TS 

7.25 

5.44 

26 

LD2  Ml 6 

Res 

Hi  Wat  A 

Simple 

PE 

7.28 

5.46 

27 

LD2  Ml 6 

Res 

Hi  Wat  A 

CSLIDE 

TS 

6.94 

4.20 

28 

LD2  Ml  6 

Res 

Hi  Wat  A 

CSLIDE 

PE 

7.54 

4.91 

29 

LD2  Ml  6 

Res 

Norm  B 

Simple 

TS 

5.01 

4.40 

30 

LD2  Ml  6 

Res 

Norm  B 

Simple 

PE 

5.03 

4.37 

31 

LD2  Ml 6 

Res 

Maint  A 

Simple 

TS 

2.33 

2.15 

32 

LD2  Ml  6 

Res 

Maint  A 

Simple 

PE 

2.33 

2.15 

33 

LD3  M20 

Peak 

Norm  4 

CSLIDE 

TS 

24.31 

18.50 

34 

LD3  M20 

Peak 

Maint  4 

CSLIDE 

TS 

12.26 

14.50 

35 

LD3  M20 

Peak 

Maint  0 

CSLIDE 

TS 

6.03 

10.30 

36 

LD3  L8 

Peak 

Norm 

Simple 

TS 

14.45 

5.74 

37 

LD3  L8 

Peak 

Norm 

Simple 

PE 

14.75 

5.92 

38 

LD3  L8 

Peak 

Norm 

CSLIDE 

TS 

2.75 

6.59 

39 

LD3  L8 

Peak 

Norm 

CSLIDE 

PE 

2.74 

6.64 

40 

LD3  L8 

Peak 

Hi  Water 

Simple 

TS 

17.96 

5.63 

41 

LD3  L8 

Peak 

Hi  Water 

Simple 

PE 

18.16 

6.07 

42 

LD3  L8 

Peak 

Hi  Water 

CSLIDE 

TS 

2.74 

6.45 
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Table  14.1  (cont’d) 
Summary  Results  of  Slidinp  Analyses 


No 

structure 

Strenath 

Case 

Perf 

Prob 

ETFSl 

Beta 

43 

LD3  L8 

Peak 

Hi  Water 

CSLIDE 

PE 

2.72 

6.50 

44 

LD3  L8 

Res 

Norm 

Simple 

TS 

1.77 

1.01 

45 

LD3  L8 

Res 

Norm 

Simple 

PE 

1.79 

1.08 

46 

LD3  L8 

Res 

Norm 

CSLIDE 

TS 

1.14 

.54 

47 

LD3  L8 

Res 

Norm 

CSLIDE 

PE 

1.16 

.59 

48 

LD3  L8 

Res 

Hi  Water 

Simple 

TS 

1.97 

1.18 

49 

LD3  L8 

Res 

Hi  Water 

Simple 

PE 

1.99 

1.35 

50 

LD3  L8 

Res 

Hi  Water 

CSLIDE 

TS 

1.13 

.51 

51 

LD3  L8 

Res 

Hi  Water 

CSLIDE 

PE 

1.15 

.56 

52 

LD4 

Pier  3 

Peak 

Normal 

Simple 

TS 

3.27 

10.11 

53 

LD4 

Pier  3 

Peak 

Normal 

Simple 

PE 

13.34 

10.06 

54 

LD4 

Pier  3 

Peak 

Normal 

CSLIDE 

TS 

19.91 

10.73 

55 

LD4 

Pier  3 

Peak 

Maint 

Simple 

TS 

5.82 

11.39 

56 

LD4 

Pier  3 

Peak 

Maint 

Simple 

PE 

15.82 

11.34 

57 

LD4 

Pier  3 

Peak 

Maint 

CSLIDE 

TS 

20.21 

10.85 

58 

LD4 

Pier  3 

Res 

Normal 

Simple 

TS 

2.67 

4.50 

59 

LD4 

Pier  3 

Res 

Normal 

Simple 

PE 

2.69 

4.45 

60 

LD4 

Pier  3 

Res 

Normal 

CSLIDE 

TS 

3.31 

5.70 

61 

LD4 

Pier  3 

Res 

Maint 

Simple 

TS 

3.20 

5.65 

62 

LD4 

Pier  3 

Res 

Maint 

Simple 

PE 

3.21 

5.54 

63 

LD4 

Pier  3 

Res 

Maint 

CSLIDE 

TS 

3.39 

5.80 

64 

GL  L20 

Peak 

Normal 

Simple 

TS 

25.38 

6.47 

65 

GL  L20 

Peak 

Normal 

Simple 

PE 

26.78 

6.84 

66 

GL  L20 

Peak 

Normal 

CSLIDE 

TS 

11.16 

5.25 

67 

GL  L20 

Peak 

Maint 

simple 

TS 

16.78 

5.98 

68 

GL  L20 

Peak 

Maint 

Simple 

PE 

17.57 

6.39 

69 

GL  L20 

Peak 

Maint 

CSLIDE 

TS 

10.20 

5.39 

70 

GL  L20 

Peak 

Hi  Water 

Simple 

TS 

38.29 

6.78 

71 

GL  L20 

Peak 

Hi  Water 

Simple 

PE 

40.30 

7.09 

72 

GL  L20 

Peak 

Hi  Water 

CSLIDE 

TS 

16.95 

5.44 

73 

GL  L20 

Res 

Normal 

Simple 

TS 

3.48 

1.73 

74 

GL  L20 

Res 

Normal 

Simple 

PE 

4.53 

2.33 

75 

GL  L20 

Res 

Normal 

CSLIDE 

TS 

2.02 

1.53 

76 

GL  L20 

Res 

Maint 

Simple 

TS 

2.55 

1.25 

77 

GL  L20 

Res 

Maint 

Simple 

PE 

3.27 

1.81 

78 

GL  L20 

Res 

Maint 

CSLIDE 

TS 

2.01 

1.36 

79 

GL  L20 

Res 

Hi  Water 

Simple 

TS 

4.05 

1.99 

80 

GL  L20 

Res 

Hi  Water 

Simple 

PE 

5.36 

2.63 

81 

GL  L20 

Res 

Hi  Water 

CSLIDE 

TS 

2.25 

1.66 
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Table  14.1  (confd) 
Summary  Results  of  Slidinp  Analyses 


No 

Structure 

Strenath 

Case 

Perf 

Prob 

ETFST 

Beta 

82 

DEM 

before 

Peak 

Normal 

Simple 

TS 

8.54 

3.65 

83 

DEM 

before 

Peak 

Normal 

Simple 

PE 

8.64 

3.69 

84 

DEM 

before 

Peak 

Normal 

CSLIDE 

TS 

10.47 

4.05 

85 

DEM 

before 

Peak 

Maint 

Simple 

TS 

7.76 

3.49 

86 

DEM 

before 

Peak 

Maint 

Simple 

PE 

7.84 

3.53 

87 

DEM 

before 

Peak 

Maint 

CSLIDE 

TS 

9.98 

3.81 

88 

DEM 

before 

Peak 

Hi  Water 

Simple 

TS 

18.70 

4.69 

89 

DEM 

before 

Peak 

Hi  Water 

Simple 

PE 

19.30 

4.70 

90 

DEM 

before 

Peak 

Hi  Water 

CSLIDE 

TS 

16.30 

4.72 

91 

DEM 

before 

Res 

Normal 

Simple 

TS 

.78 

-.86 

92 

DEM 

before 

Res 

Normal 

Simple 

PE 

.81 

-.78 

93 

DEM 

before 

Res 

Normal 

CSLIDE 

TS 

.85 

-.68 

94 

DEM 

before 

Res 

Maint 

simple 

TS 

.73 

-1.06 

95 

DEM 

before 

Res 

Maint 

Simple 

PE 

.75 

-.99 

96 

DEM 

before 

Res 

Maint 

CSLIDE 

TS 

.79 

-1.05 

97 

DEM 

before 

Res 

Hi  Water 

Simple 

TS 

1.37 

-.64 

98 

DEM 

before 

Res 

Hi  Water 

Simple 

PE 

1.44 

-.77 

99 

DEM 

before 

Res 

Hi  Water 

CSLIDE 

TS 

1.59 

1.29 

100 

DEM 

After 

Peak 

Normal 

Simple 

TS 

14.40 

4.46 

101 

DEM 

After 

Peak 

Normal 

Simple 

PE 

14.50 

4.28 

102 

DEM 

After 

Peak 

Normal 

CSLIDE 

TS 

11.60 

4.99 

103 

DEM 

After 

Peak 

Maint 

Simple 

TS 

12.20 

4.19 

104 

DEM 

After 

Peak 

Maint 

Simple 

PE 

12.30 

4.02 

105 

DEM 

After 

Peak 

Maint 

CSLIDE 

TS 

10.30 

4.59 

106 

DEM 

After 

Peak 

Hi  Water 

Simple 

TS 

41.78 

6.12 

107 

DEM 

After 

Peak 

Hi  Water 

Simple 

PE 

52.56 

5.89 

108 

DEM 

After 

Peak 

Hi  Water 

CSLIDE 

TS 

18.10 

5.06 

109 

DEM 

After 

Res 

Normal 

Simple 

TS 

1.06 

-.02 

110 

DEM 

After 

Res 

Normal 

Simple 

PE 

1.08 

.05 

111 

DEM 

After 

Res 

Normal 

CSLIDE 

TS 

.87 

-.58 

112 

DEM 

After 

Res 

Maint 

Simple 

TS 

.93 

-.04 

113 

DEM 

After 

Res 

Maint 

Simple 

PE 

.95 

-.33 

114 

DEM 

After 

Res 

Maint 

CSLIDE 

TS 

.80 

-.87 

115 

DEM 

After 

Res 

Hi  Water 

Simple 

TS 

2.57 

2.36 

116 

DEM 

After 

Res 

Hi  Water 

Simple 

PE 

2.67 

2.45 

117 

DEM 

After 

Res 

Hi  Water 

CSLIDE 

TS 

1.44 

1.17 
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generally  slightly  conservative  and  has  computational  advantages  when  more  than  three 
random  variables  are  involved. 

14.5.  Overturning  Analyses.  In  all,  55  separate  overturning  analyses  were  made  using 
various  combinations  of  water  levels,  uplift  assumptions,  performance  functions  (factor  of 
safety  vs.  location  of  resultant)  and  probabilistic  models  (Taylor’s  series  vs.  point 
estimate).  Each  of  these  analyses  produced  an  expected  value  for  the  factor  of  safety 
and  five  different  reliability  index  values,  and  for  a  total  of  275 

reliability  indices.  A  spreadsheet  summarizing  these  results  was  constructed  and  is 
printed  in  Table  14.2.  From  the  spreadsheet,  a  summaiy  plot  was  constructed  (Figure 
14.3),  showing  the  five  reliability  index  values  versus  the  expected  value  of  the  factor  of 
safety.  From  the  table  and  the  figure,  several  observations  can  be  made: 

1.  For  factors  of  safety  from  1.0  to  1.5,  varies  somewhat  linearly  with  factor 
of  safety  firom  zero  to  about  6.0.  For  factors  of  safety  above  1.5,  varies 
widely,  but  remains  above  about  6.0. 

2.  There  is  reasonably  good  agreement  between  /Sp^  and  which  might  be 
expected  as  they  have  a  common  limit  state:  the  factor  of  safety  will  be  1.0  when 
the  resultant  force  is  at  the  toe. 

3.  For  the  structures  considered,  the  resultant  force  is  typically  more  likely  to  be 
outside  the  kem  than  inside,  which  is  expressed  as  a  negative  value  for 

4.  Structures  having  values  for  and/or  above  about  4.0  appear  to  be  highly 
reliable  with  respect  to  rotational  stability.  However,  for  these  conditions,  values 
for  ^1/6.  ^1/4.  and  may  be  low  or  negative,  implying  that  the  entire  base  is  not 
in  compression.  In  such  cases,  the  effect  of  the  uplift  pressure  assumptions  should 
be  carefully  reviewed  and  the  foundation  conditions  should  be  carefully  evaluated 
with  respect  to  possible  excessive  hearing  pressures. 

14.6.  Effect  of  Performance  Function  for  Overturning.  The  reliability  index 
values  for  the  factor  of  safety  (^ps)  and  for  the  event  that  the  resultant  force  is  within 
the  toe  (^,og)  agree  reasonably  well  when  considered  in  the  context  of  how  they  might  be 
used  for  investment  decisions.  In  a  number  of  cases,  calculated  values  are  very  different 
but  both  so  high  as  to  indicate  no  remedial  action  need  be  considered  (e.g.,  15.83  vs.  71). 
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E(FS) 

Figure  14.3  Overturning  -  Beta  vs.  Expected  Factor  of  Safety 


Where  values  are  such  that  action  may  be  considered,  or  was  in  fact  taken,  values  are 
more  similar  (e.g.,  3.07  vs.  3.13,  etc.  at  Demopolis  before  removing  fill).  As  the  two 
reliability  indices  approach  1.0,  the  difference  tends  to  reduce  as  the  two  limit  states  are 
equivalent. 

14.7.  The  remaining  reliability  indices  and  /Skem)  are  expressions  of 

reliability  with  respect  to  performance  states  rather  than  limit  states  and  by  definition 
will  be  successively  smaller  and  may  be  negative.  They  do  not  measure  reliability  with 
respect  to  overturning  in  the  traditional  sense  but  are  measures  of  how  well  a  structure  is 
geometrically  proportioned  relative  to  distributing  its  loads  over  the  foundation.  As 
such,  low  values  should  indicate  to  the  analyst  the  need  to  very  carefully  consider  in  a 
second  analysis  the  certainty  or  uncertainty  of  the  uplift  assumptions  and  the  implications 
of  the  implied  pressures  on  the  foundation. 

14.8.  Effect  of  Probabilistic  Model  for  Overturning.  As  was  noted  for  sliding,  the 
Taylor’s  series  and  point  estimate  method  produce  very  similar  results  and  the  point 
estimate  method  usually  (but  not  always)  tends  to  result  in  slightly  higher  reliability  index 
values  where  non-lineanty  is  introduced  in  the  performance  function  from  the  material 
strength  parameters.  Based  on  the  results,  it  appears  either  model  can  be  used  and  that 
the  Taylor’s  series  approach  offers  computational  advantage  when  the  munber  of  random 
variables  exceeds  three. 
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Table  14.2 

Summary  Results  of  Overturning  Analyses 


Structure 

Case 

Prob  EtFSl 

beta 

beta 

beta 

beta 

beta 

FS 

toe 

1/6 

1/4 

kern 

1 

LD2  M16  Haint  A 

TS 

2.24 

13.13 

48.80 

28.40 

18.20 

8.01 

2 

LD2  HI 6 

Maint  A 

PE 

2.24 

13.14 

48.30 

28.10 

18.00 

7.88 

3 

LD2  M16 

Norm  A 

TS 

1.88 

15.83 

71.60 

43.70 

29.70 

15.80 

4 

L02  H16 

Norm  A 

PE 

1.88 

15.83 

71.00 

43.30 

29.40 

15.60 

5 

LD2  M16 

High 

TS 

1.53 

12.92 

71.70 

43.30 

29.10 

15-00 

6 

LD2  H16 

High 

PE 

1-53 

12.92 

71.10 

42.90 

28.90 

14.80 

7 

L02  M16 

Norm  B 

TS 

1.71 

12,54 

46.67 

26.85 

16.94 

7-03 

8 

LD2  HI 6 

Norm  B 

PE 

1.69 

12.76 

37.97 

21.46 

13-31 

4.95 

9 

LD2  H16  Haint  B 

TS 

1.64 

7-22 

16.87 

7.92 

3.44 

-1.04 

10 

LD2  H16  Haint  B 

PE 

1.64 

7.25 

16.54 

7.72 

3.31 

-1.10 

n 

L03  H20  (0) 

Maint  A 

TS 

1.10 

4.07 

4.49 

-5.49 

-10.50 

-15-50 

12 

LD3  H20  (4) 

Maint  A 

TS 

1.52  22.57 

35.40 

11.12 

-1-00 

-13.20 

13 

LD3  H20  (6)  Haint  A 

TS 

1-69  30.26 

51.16 

20.20 

4.65 

-10.90 

14 

LD3  H20  (4)  Haint  B 

TS 

.91 

-5.27 

-4.57 

-11.70 

-15.30 

-24.00 

15 

L03  H20  (6)  Haint  B 

TS 

.99 

-.61 

-.63 

-11.20 

-16.40 

-21.70 

16 

103  L8 

Normal 

TS 

1.38 

4.78 

3.69 

.70 

-.79 

-2.29 

17 

103  L8 

Normal 

PE 

1.39 

4.81 

5.63 

1.06 

-1.23 

-3.52 

18 

L03  L8Hi  water 

TS 

1.25 

4.26 

3.13 

.02 

-1.54 

-3.09 

19 

LD3  L8Hi  water 

PE 

1.25 

4.30 

4.89 

-.03 

-2.48 

-4.94 

20 

LD4  DAH 

Nom^l 

TS 

2.39 

16.60 

20.60 

12.02 

7.73 

3-44 

21 

L04  DAH 

Normal 

PE 

2.39 

16.60 

20.40 

11.90 

7.64 

3.38 

22 

LD4  DAH 

Maint 

TS 

2.11 

10.70 

63.90 

39.86 

27.82 

15.80 

23 

LD4  DAH 

Maint 

PE 

2,11 

10.70 

63.60 

39.56 

27.58 

15.60 

24 

GL  L20 

Normal 

TS 

1.58 

6.09 

8.48 

3.11 

.42 

-2.26 

25 

GL  L20 

Normal 

PE 

1.59 

6.32 

8.42 

3.07 

.39 

-2.28 

26 

GL  L20 

Maint 

TS 

1.66 

6.42 

9.32 

2.96 

-.22 

-3.40 

27 

GL  L20 

Maint 

PE 

1.66 

6.67 

9.26 

2.92 

-.24 

-3.41 

28 

GL  L20 

High 

TS 

1.45 

7.31 

11.66 

5.71 

2.73 

-.25 

29 

GL  L20 

High 

PE 

1-45 

7.67 

11.54 

5.63 

2.68 

-.28 

30 

GL  L20Nonn  w/f 

PE 

1.80 

8.77 

11.25 

6.05 

3-45 

.85 

31 

GL  L20Norm  w/f 

PE 

1.80 

8.91 

12.52 

6.40 

3.34 

.27 

32 

D^  Before 

Normal 

TS 

1.03 

.51 

.54 

-3.34 

-5.28 

-7.23 

33 

Dem  Before 

Normal 

PE 

1.05 

.79 

.77 

-3.22 

-5.21 

-7.20 

34 

D«n  Before 

Maint 

TS 

1.01 

.22 

.25 

-3.41 

-5.24 

-7.07 

35 

Dem  Before 

Maint 

PE 

1.05 

.79 

.76 

-3.46 

-5.13 

-7.09 

36 

Dem  Before 

High 

TS 

1.15 

2.53 

2.84 

-.61 

-2.34 

-4.06 

37 

Dem  Before 

High 

PE 

1.17 

2.78 

3.04 

-.42 

-2.15 

-3.89 

38  Dem  Before  fr 

Normal 

TS 

1.18 

3.07 

3.13 

-.61 

-2.48 

-4.35 

39  Dem  Before  fr 

Normal 

PE 

1.19 

3.35 

3.69 

-.48 

-2.56 

-4.65 

40  Dem  Before  fr 

Maint 

TS 

1.16 

2.58 

2.54 

-.86 

-2.56 

-4.25 

41  1 

Oem  Before  fr 

Maint 

PE 

1.20 

3.13 

3.58 

-.64 

-2.75 

-4.86 

42  Dem  Before  fr 

High 

TS 

1.32 

5.29 

6.00 

2.51 

.77 

-.98 

43  Dem  Before  fr 

High 

PE 

1.33 

5.57 

6.21 

2.69 

.94 

-.82 

44 

Dem  after 

Normal 

TS 

1.37 

7.35 

7.72 

1.82 

-1.13 

-4.08 

45 

Dem  after 

Normal 

PE 

1.38 

7.70 

14.14 

3.70 

-1.52 

-6.73 

46 

Dan  after 

Maint 

TS 

1.34 

5.29 

4.85 

.74 

-1.32 

-3.38 

47 

Dem  after 

Maint 

PE 

1.40 

6.00 

11.79 

2.54 

-2-54 

-6.71 

48 

Dem  after 

High 

TS 

1.51 

13.55 

28.04 

15.73 

9.57 

3.42 

49 

Dem  after 

High 

PE 

1.52 

14.07 

30.37 

17.29 

10.74 

4.20 

50 

Dem  after  fr 

Normal 

TS 

1.47 

8.86 

8.64 

3.45 

.86 

-1.74 

51 

Dem  after  fr 

Normal 

PE 

1.49 

9.13 

15.14 

6.23 

1.78 

-2.67 

52 

Dem  after  fr 

Maint 

TS 

1.45 

6.51 

5.63 

1.93 

.09 

-1.76 

53 

Dem  after  fr 

Haint 

PE 

1.50 

7.15 

13.88 

5.18 

.83 

-3.52 

54 

Dem  after  fr 

High 

TS 

1.60 

15.39 

22.44 

14.17 

10.03 

5.89 

55 

Dem  after  fr 

High 

PE 

1.62 

15.77 

23.19 

14.74 

10.51 

6.28 
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Conclusions 


14.7  Following  the  general  order  of  the  topics  in  the  report,  the  following 
conclusions  can  be  drawn: 

Smtability  of  Approach.  Existing  methods  of  structural  reliability  analysis  can 
be  adapted  to  the  evaluation  of  navigation  structures  for  the  purpose  of  ranking 
the  need  for  investment  in  remedial  action. 

2-  Advantage  .of  Approach.  The  use  of  probabilistic  methods,  specijScally  the 
treatment  of  parameters  as  random  variables  and  the  expression  of  reliability  as 
an  index  value,  appears  to  have  advantage  over  purely  deterministic  methods. 
Although  results  from  both  approaches  may  depend  on  the  judgment  of  individual 
engineers,  the  certainty  or  uncertainty  of  such  judgments  is  explicitly  and  formally 
included  in  the  probabilistic  method.  Urns,  decisions  made  on  reliability  index 
ranking  should  be  inherently  more  rationally  supported  than  those  based  on 
deterministic  methods  alone. 

3.  Background.  The  probabilistic  approach  has  been  developing  for  over  forty 
years,  there  me  numerous  examples  in  the  literature  (which  have  been  only 
cursorily  reviewed  for  this  study)  and  applications  to  practice  have  been  rapidly 
increasing  in  the  past  ten  years.  It  is  appropriate  and  timely  to  begin  application 
of  such  methods  to  evaluation  of  navigation  structures. 

4.  Reliability  Index.  For  reasons  discusses  at  length  in  Part  3,  an  appropriate 
characterization  of  reliability  for  navigation  structures  is  the  reliability  index  as 
defined  in  terms  of  the  lognormal  distribution.  An  exception  is  for  the  location  of 
the  effet^ve  base  resultant  force  where  the  definition  based  on  the  normal 
distribution  is  recommended.  The  reliability  index  is  preferred  over  actual  proba¬ 
bility  values  due  to  the  lack  of  knowledge  regarding  the  true  distribution  of  the 
performance  function.  If  highly  non-linear  performance  functions  are  of  concern, 
such  as  that  for  bearing  capacity,  the  iterative  Hasofer-Lind  definition  should  be 
further  investigated. 

Correlation  between  and  c  parameters.  The  <t>  and  c  parameters  are  known 
to  be  negatively  correlated,  and  data  reviewed  for  this  study  confirmed  this. 

Taking  such  correlation  as  zero  may  lead  to  an  underestimate  of  reliability. 

Probabilistic  Models.  For  linear  performance  fimctions,  the  Taylor’s  series 
method  and  the  point  estimate  method  yield  similar  values  for  the  reliability 
index.  For  the  non-linear  performance  functions  investigated,  where  the  non¬ 
linearity  was  primarily  due  to  soil  and  rock  strength,  the  point  estimate  method 
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usually  led  to  a  somewhat  greater  reliability  index  than  the  Taylor’s  series  method. 
The  Taylor’s  series  method  is  slightly  conservative  and  has  computational  advan¬ 
tage  when  more  than  three  random  variables  are  involved. 

7.  Foundation  rock  strength.  There  is  considerable  scatter  in  rock  strength  data, 
leading  to  high  coefficients  of  variation.  The  strength  at  a  given  confining 
pressure  is  less  uncertain  than  the  values  of  c  and  <p  that  combine  to  provide  that 
strength.  Accordingly,  there  is  negative  correlation  between  c  and  <p.  linear 
regression  techniques  described  in  Part  4  can  provide  an  appropriate  characteriza¬ 
tion  of  the  strength  of  the  tested  samples.  Given  the  usual  approach  to  sampling 
and  testing,  the  uncertainty  regarding  the  in-situ  strength  may  in  fact  be  greater 
than  that  obtained  from  statistical  analysis  of  the  test  data.  Furthermore,  it  may 
be  argued  that  usual  sampling  and  testing  is  biased  in  favor  of  good  samples,  or 
alternatively,  in  favor  of  bad  samples.  Much  remains  to  be  done  to  develop 
rational  procedures  for  expressing  rock  strength  probabilistically. 

8.  Spatial  correlation  of  rock  strength  parameters.  In  this  study,  variance  of  the 
strength  parameters  was  not  reduced  to  accoimt  for  spatial  correlation  effects. 
Expressed  another  way,  this  infers  that  the  average  strength  of  a  potential  sliding 
surface  is  as  uncertain  as  the  strength  obtained  in  a  test  of  a  random  sample,  or 
that  the  correlation  distance  is  large  relative  to  the  dimensions  of  a  typical  sliding 
problem.  If  in  fact  the  correlation  distance  is  smaller,  then  the  actuad  reliability 
indices  are  greater  than  the  values  calculated.  The  approach  used  in  conservative 
but  merits  further  study. 

9.  Modeling  of  Uplift  Conditions.  The  random  variable  E,  as  defined  in  Part  5, 
provides  a  convenient  means  to  define  the  uplift  force  and  its  pressure  distribu¬ 
tion,  for  any  condition  ranging  from  full  headwater  across  the  base  through 
tailwater  across  the  base,  including  the  commonly-assumed  linear  variation. 
Additional  research  is  required  to  assess  site-specific  and  typical  values  for  this 
variable  and  gain  better  understanding  how  it  affects  reliability. 

10.  Characterization  of  Anchor  Force  For  well-installed  anchors,  the  initial  load 
is  known  with  a  high  degree  of  certainty  as  it  is  measured  at  installation.  Anchor 
force  will  reduce  with  time;  however,  anchors  re-stressed  shortly  after  installation 
typically  show  very  little  (a  few  percent)  reduction  in  load  after  relatively  long 
periods.  For  the  anchors  at  Lock  and  Dam  No.  3,  there  is  considerable  concern 
by  Corps  personnel  regarding  the  quality  of  the  grout-steel  bond,  the  quality  of 
the  grout-rock  bond,  and  potential  corrosion  of  the  steel  tendons  from  adjacent 
coal  seams.  In  such  cases,  the  probabilistic  moments  of  the  anchor  force  are 
conditional  moments,  conditioned  on  the  event  that  the  anchors  are  still  func¬ 
tioning.  The  probability  of  this  event  m  turn,  can  only  be  assessed  by  (1)  anchor 
testing,  which  would  be  difficult  as  the  anchor  heads  are  encased  in  concrete,  or 
(2)  judgmental  assessment  by  personnel  knowledgeable  about  the  iustallation. 
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11-  Reliability  of  Considered  Structures  on  Monongahela  River  -  SliHinp  The 
reliability  index  with  regard  to  sliding  for  the  considered  structures  on  the 
Monongahela  River  was  found  to  be  above  5.0  in  all  cases  where  peak  strength 
was  assumed  and  above  6.0  in  most  cases.  Comparison  analyses  were  made 
assuming  residual  strength  conditions,  but  such  conditions  are  not  considered 
relevant  in  view  of  the  demonstrated  performance  of  the  structures.  Allotving  for 
some  possible  bias  in  the  sampling  and  testing,  and  the  possibility  of  some  loading 
more  critical  than  those  considered,  it  is  likely  that  the  reliability  index  is  above 
4.0  for  sliding  in  any  case  of  interest. 


Rsliabilitv  of  Considered  Structures  on  Monongahela  River  -  Overturning. 

For  monolith  M- 16  at  Locks  and  Dam  No.  2,  dam  pier  3  at  Locks  and  Dam  No. 

4,  and  monolith  L-20  at  Gray’s  Landing  Loclu  and  Dam,  the  reliability  indices  /Spg 
^toe  above  6.0  for  all  cases  and  the  structures  appear  to  be  highly  reliable 
aga^t  overturning.  For  monolith  L-8  at  Locks  and  Dam  No.  3,  these  reliability 
indices  are  in  the  range  3.0  to  5.0  and  a  lower  degree  of  reliability  is  indicated. 
Given  the  apparently  acceptable  behavior  of  these  monoliths,  these  finHingg  are 
consistent  with  the  recommendation  for  a  target  reliability  index  of  4.0  given 
below.  For  monolith  M-20  at  Locks  and  Dam  No.  3,  these  reliability  indices  are 
highly  dependent  on  water  levels  and  the  number  of  anchors  considered  operative. 
If  the  anchors  are  operative  and  the  lock  is  dewatered  under  the  assumed  water 
levels  (A),  analyses  indicate  a  high  reliability  (/S  is  greater  than  20).  On  the  other 
hand,  if  the  anchors  are  not  operative,  the  ^  value  for  the  (A)  conditions  drops  to 
^bout  4.0.  If  the  lock  were  dewatered  at  the  (B)  water  level  conditions,  the 
reliability  indices  would  be  negative  even  with  functioning  anchors,  indicating  that 
the  monoliths  would  be  more  likely  to  be  unstable  than  stable  for  such  conditions. 


13.  Reliability  of  Considered  Structures  on  Monongahela  River  -  Rftaring  rapari. 
ty.  The  reliability  analyses  for  bearing  capacity,  with  the  exception  of  the  Taylor’s 
series  method  for  the  dam  pier  at  Locks  and  Dam  4,  found  ^  values  in  excess  of 
5.0.  Although  no  problem  with  bearing  capacity  is  foreseen  at  the  structures 
studies,  the  numerical  results  should  be  not  be  assigned  much  significance  as  the 
relatively  high  degree  of  non-linearity  in  the  bearing  capacity  equations  combined 
with  the  high  expected  values  and  high  coefficients  of  variation  of  strength 
parameters  led  to  considerable  differences  in  results  across  methods.  Further 
studies  should  be  made  before  recommending  a  general  method  for  assessing 
bearing  capacity. 

14.  Improvement  in  Reliability  due  to  modifications  at  Demopolis  Lock  and  nam 
Before  removal  of  the  fill  at  Demopolis,  sliding  reliability  indices  were  above  3.5. 
After  removal  of  the  fill,  these  values  increased  about  0.7  units  and  were  above 
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4,0.  Before  removal  of  the  fill,  reliability  indices  for  overturning  /Spg  and  were 
in  the  range  25  to  3,5,  and  as  low  as  0.2  if  vertical  shear  in  the  backfill  was 
neglected.  Removal  of  the  fill  typically  increased  these  values  on  the  order  of  4.0 
units,  and  reliability  indices  were  above  5.5  (4.5  if  vertical  shear  was  neglected). 

It  is  concluded  that  the  removal  of  the  backfill  increased  the  reliability  by  a  very 
great  degree  even  though  the  calculated  factors  of  safety  increased  by  only 
relatively  small  amounts  (e.g.,  1.45  vs.  1.19). 


15.  Sliding  Analyses  -  Target  Reliability  Indices.  Based  on  the  summary  analyses 
in  the  Discussion  above,  the  following  target  reliability  indices  are  recommended: 


^  >  4.0  Structure  is  apparently  highly  reliable  with  respect  to 

sliding. 

3.0  <  )9  <  4.0  Structure  may  be  marginally  reliable  with  respect  to 

sliding.  Additional  data,  tests  or  investigations  should 
be  considered  to  determine  if  uncertainty  in  the  rele¬ 
vant  variables  can  be  reduced. 

/S  <  3.0  Structure  is  comparatively  less  reliable  than  well-per¬ 

forming  Corps  structures  and  should  be  given  a  high 
priority  for  investigation  and  possible  remedial  actioiL 

16.  Overturning  Analyses  -Target  reliability  indices  with  respect  to  limit  state.. 
Based  on  the  summary  analyses  in  the  Discussion  above,  the  following  target 
reliability  analyses  are  recommended,  where  0  is  taken  as  or  Ptot> 


)8  >  4.0 


3.0  <  p  <  4.0 


)3  <  3.0 


Structure  is  apparently  highly  reliable  with  respect  to 
overturning. 

Structure  may  be  marginally  reliable  with  respect  to 
overturning.  Additional  data,  tests  or  investigations 
should  be  considered  to  determine  if  uncertainty  in  the 
relevant  variables  can  be  reduced. 

Structure  is  comparatively  less  reliable  than  well-per¬ 
forming  Corps  structures  and  should  be  given  a  high 
priority  for  investigation  and  possible  remedial  action. 


17.  Overturning  Analyses  -Target  reliability  indices  with  respect  to  performance 
Siaie.  Values  obtained  for  and  represent  assessments  of  the 

likelihood  that  the  effective  base  resultant  force  falls  within  various  regions  of  the 
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base.  These  regions  do  not  correspond  to  limit  states  but  rather  represent  points 
dong  a  continuum  of  base  pressure  conditions  and  in  turn  stnicturd  proportional¬ 
ity  ranging  from  a  well-proportioned  strucmre  to  a  poorly-proportioned  structure. 
No  specific  target  values  are  recommended  by  the  authors  for  these  p  values. 
Rather,  they  might  be  considered  as  indicators  of  the  relative  need  to  further 
assess  the  assumed  uplift  conditions  and  the  implications  of  high  foundation 
stresses.  Target  values,  if  assigned,  appear  at  this  point  to  be  a  pohcy  decision 
rather  than  a  calibration  problem. 

18.  Implementation  of  Procedures  It  is  the  understanding  of  the  authors  that  the 
procedures  demonstrated  herein  are  being  recommended  for  immediate  imple¬ 
mentation  for  assessment  and  ranking  of  navigation  structures  by  Corps  personnel. 
Although  it  is  concluded  that  the  procedures  demonstrated  are  conceptually  sound 
and  have  advantages  over  deterministic  methods,  it  should  be  understood  that  the 
combination  of  additional  research  and  additional  analyses  of  actual  structures  by 
the  Corps  will  undoubtedly  lead  to  refinement  of  these  techniques  and  identify 
additional  questions  for  consideration.  For  example,  much  remains  to  be  learned 
and  studied  regarding  inherent  uncertainty  in  various  parameters,  correlation 
among  parameters,  spatial  correlation  effects,  model  uncertainty  in  the  perfor¬ 
mance  functions,  applicability  and  advantage  of  advanced  probabilistic  models, 
and  continuation  of  the  calibration  process. 


Recommendations 


14.8  Based  on  the  findings  and  conclusions  of  this  study,  the  following  recommen¬ 
dations  are  made: 

1.  The  Corps  of  Engineers  should  begin  "beta  testing"  the  developed  procedures 
using  their  own  personnel  and  additional  sites  to  better  imderstand  the  demon¬ 
strated  methods,  their  advantages  and  remaining  shortcomings^  and  the  need  for 
additional  research. 

2.  Based  on  the  experiences  fi'om  this  study,  additional  research  and  development 
appears  warranted  in  a  number  of  areas,  including  the  following: 

Improved  procedures  for  calculating  the  reliability  index  for  non-linear 
performance  functions. 

Characterization  of  correlation  between  parameters  and  spatial  correlation 
of  individual  parameters. 

Improvement  of  Corps’  computer  programs  to  readily  accomodate  probabi- 
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listic  procedures. 

Application  of  newly-developing  probabilistic  techniques  to  reduce  compu¬ 
tational  effort  where  large  numbers  of  random  variables  are  involved. 

Appropriate  characterization  of  certain  random  variables  where  prior 
studies  are  lacking,  such  as  uplift,  impact  loads,  and  confidence  in  anchor 
performance. 

Appropriate  characterization  of  the  time-dependent  random  variable,  such 
as  anchor  force  when  subjected  to  creep  and/  or  corrosion. 
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Appendix  A 

Example  Sliding  Analysis 
Locks  and  Dam  No.  2,  Monolith  M-16 


The  cross-section  of  Locks  and  Dam  No.  2,  Monolith  M-16  is  illustrated  in 
Figure  A-1  below  (maintenance  condition). 


Dimensions  in  feet 


Figure  A-1  Locks  &  Dam  #2,  Monolith  M16,  Cross-Section 
Maintenance  Condition 


Using  the  Simple  Method  to  calculate  the  sliding  stability,  the  random  vari¬ 
ables  and  their  statistical  properties  are  listed  in  Table  A-1. 


Table  A-1  Random  Variables  Used  in  Sliding  Analysis,  L&D  No.  2,  M16 


Variable 

Mean 

a 

V(%) 

Mean  +  a 

Mean  -  a 

^ock  (Max.) 

11.0  ksf 

7.7 

70.0 

18.7 

3.3 

^an<!>rock  (Max.) 

1.50 

0.675 

45.0 

2.175 

0.825 

Pc,tan(j)  “  "0*70 

^ock  (R^S.) 

0.0 

tan^rock  (Res.) 

0.80 

0.40 

50.0 

1.20 

0.40  ' 

Ysoil 

0.0755  kef 

0.003775 

5.0 

0.079275 

0.071725 

^soil 

33  deg 

3.3 

10.0 

36.3 

29.7 

Ycon 

0.15  kef 

0.0075 

5.0 

0.1575 

0.1425 

E 

0.25 

0.14435 

57.74 

0.39435 

0.10565 

The  total  driving  force,  D,  and  total  resisting  force,  R,  can  be  expressed  as 


D  —  -f  Dj^ 

> 

soil^ a  poo 


'soil  ^pool 
(19.5)2 


=  190.125Yso\lKa  +  [(52.7)2-  (19.5)2](0.0625)/2 

=  7Pd.i2JY'soiiran2(450^^^.^/2)  +  74.908  (kips/ft) 

Note  that  the  soil  layer  thickness  includes  the  cracked  rock  portion  (2.5  ft)  and 
the  1  ft  concrete  at  Ae  soil  top  to  simplify  calculation. 


where 


R  —  +  N  tan^  +  R^qh 

L  =44.5  ft  is  the  length  of  sliding  surface  of  the  base; 


concrete 


+  w^-u 


=  1568.671  Ycon  +  22.825  - 


- 5 - 


-  1568.671  Ycon  +22.825  -  100.4  +  46.17E 
=  1568.671  Ycon  +  46.17E  —  77.575  (kips/ft) 
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is  the  effective  vertical  force  on  the  base, 

where 

^concrete  is  the  weight  of  monolith; 

is  the  weight  of  water  on  the  monolith; 

U  is  hydraulic  uplift  force; 

and  ///  are  the  upper  and  lower  pool  levels,  respectively, 
Yw  is  the  unit  weight  of  water;  and 
E  is  the  coefficient  of  uplift  force, 

,  o  (19.5)2 

and  R,,u  = 

=  =  i90.;2jr'soiiW(45°+(t,soii/2)  (kips/ft) 

is  the  resistance  from  overburden  soil. 

Therefore, 

R  —  +  N  tan^  +  R^qh 

=  (44.5)  Ci,ase  +  [1568.671  Ycon  +  46.17E  -  11.515]tan^  + 

+  f9d.72JY'soil?a«^(45°+(t)soii/2)  (kips/ft) 
and 

FS=^RfD 

The  free  body  diagram  is  shown  on  Figure  A-2. 


Calculations 

— Taylor's  Series  Method: 

The  equations  used  in  Taylor’s  series  method  are 


£[F5(x)]  »F5(£Ud) 

Far(FS)  =  £  (^)^o^  +  2  ^  o  o 
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Figure  A-2  Locks  and  Dam  No.  2,  Monolith  M-16,Free  Body  Diagram 
Sliding  Stability  Analysis — ^Maintenance  Condition 


and 


P 


E[F5]  -1 


normal 


*FS 


ln\ 


£[F5] 


P 


1  +  V 


FS' 


lognonnal 


Jln(l  +  Vj,s) 
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E[FS]  =  E[R]fE[D]  =  E[ci,^^+N'tani^+R,^ii]  /  E[D,^a+Dpooi] 

=  [489.5  +  (169.268)tan(l>rocj^  +  48.69]/  (4.23+74.91) 


=  792.09/79.14  =  10.01 


1^5  =  ^  =  44.5  /  79. 14  =  0.5623  (l/ksf) 
oc  D 

=  ^  =  169.268  /  79.14  =  2.1388 


=  i^^|Dtan-(45«  +  -:^)  -«tan‘(45°-2|i)  =  1.0607  1/kcf 


^^r—FS 


190.125y;^.^  1 


Ltan  (|  4  %-')  4/e.an  (5  -  %2)  .ec^l  - 


‘4  2 


‘4  2 


0.1910  (l/rad) 

;j  (1568.671)  tan <|). 

3^.5 - - ~££  =  29.732  1/kcf 


;j  (46.17)  land). 

^s= - =0.875 

Var(FS)  -  [(0.5623)(7.7)]^  +  [(2.1388)(0.675)]^  +  [(1.0607)(0.00375)]2  + 

+  [(0.1910)(3.37c/180)]2  +  [(29.732)  (0.0075)]^  +  [(0.875)(0.14435)]2 
+  2(-0.7)(0.5623)(2. 1 388)(7.7)(0.675) 

=  18.746  +  2.084  +  1.6x10'^  +  1.21  xlO'^  +  0.0497  +  0.0160  -  8.751 


=  12.145 


<5fs  =  3.485  Vps 

^normcd  =  (10-01  “  1-0)  /  3.485  =  2.59 


Vpc  =  34.82 
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^\o%normal 


— Point  Estimate  Method  (PEM) 

The  equations  used  in  PEM  are: 

EfFS]  =  iPi  FS(±;±X..±) 

E[FS^J  =  iTi  FSH±A±^.±) 
and  Var(FS)  =  E[FS^]  -  (E[FS])^ 

where 

Pi  are  coefficients  of  point  values  of  FS;  and 

F5C±^^,...±)  are  the  values  of  FS  at  certain  points  at  which  the  Xi  have  val¬ 
ues  Xi  ±  Gj^.. 

For  the  given  problem,  let 

“  ^base>  ^2  ^3  ~  ycon,^4  ~  '^soib  ^5  ~  ^soib  ^6  ~ 

then 

P++...  =4  (1  +  PcW  =  (1-0  -  0.7)  /  (64)  =  0.0046875 
P— ...  =4  (1  +  PcW  =  (1.0  -  0.7)  /  (64)  =  0.0046875 

4b> 

=  P_+...  (1  _  =  (1.0  +  0.7)  /  (64)  =  0.0265625 

where  the  "...  “  means  other  possible  combinations  of  x^,  X4,  x^  and  x^. 

The  calculation  results  are  listed  in  Table  A-2.  next  page. 
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Table  A-2.  Reliability  Index  Calculation  Results  of  Sliding  Analysis  for  Locks 
and  Dam  No.  2,  Monolith  M-16,  Maintenance  Condition 


Xi,  X2,  X3,  X4,  X5,  Xg 

Pi 

FSi 

FS? 

FSi*Pi 

FS?*Pi 

0.0046875 

16.49355 

272.0371 

.077614 

1.27517 

0.0265625 

7.793545 

60.73934 

207016 

1.61339 

0.0265625 

13.27675 

176.2722 

.352664 

4.68223 

0.0046875 

4.576751 

20.94665 

.021454 

.098187 

+  H - h  +  + 

0.0046875 

15.84383 

251.0271 

.074273 

1.17669 

0.0265625 

7.143833 

51.03434 

.189758 

1.35560 

0.0265625 

13.03031 

169.789 

.346118 

4.51002 

0.0046875 

4.330308 

18.75157 

.020298 

.087898 

0.0046875 

16.49949 

272.2332 

.077341 

1.27609 

0.0265625 

7.758669 

60.19694 

.206090 

1.59898 

0.0265625 

13.2676 

176.0293 

.352421 

4.67578 

0.0046875 

4.526782 

20.49176 

.021219 

.096055 

0.0046875 

15.84673 

251.1189 

.074282 

1.17712 

0.0265625 

7.105909 

50.49394 

.188751 

1.34125 

0.0265625 

13.02001 

169.5205 

.345844 

4.50289 

0.0046875 

4.279183 

18.31141 

.020059 

.085835 

0.0046875 

16.06472 

258.0751 

.075303 

1.20973 

0.0265625 

7.497675 

56.21514 

.199157 

1.49322 

+r">+»+>“»+ 

0.0265625 

12.89709 

166.3348 

.342579 

4.41827 

0.0046875 

4.330044 

18.74928 

.020297 

.087887 

0.0046875 

15.42493 

237.9284 

.072304 

1.11529 

0.0265625 

6.857893 

47.0307 

.182163 

1.24925 

0.0265625 

12.65441 

160.134 

.336133 

4.25356 

0.0046875 

4.087368 

16.70657 

.019160 

.078312 

0.0046875 

16.10906 

259.5017 

.075511 

1.21641 

0.0265625 

7.489833 

56.0976 

.198949 

1.49009 

0.0265625 

12.92213 

166.9814 

.343244 

4.43544 

0.0046875 

4.302907 

18.51501 

.020170 

.086789 

0.0046875 

15.46538 

239.1779 

.072494 

1.12115 

jT” 9 

0.0265625 

6.846154 

46.86983 

.181851 

1.24498 

»*“ 

0.0265625 

12.67798 

160.7311 

.336759 

4.26942 

>  »  »  » 

0.0046875 

4.058753 

16.47347 

.019125 

.077219 

0.0046875 

16.12551 

260.032 

.075588 

1.21890 

0.0265625 

7.425506 

55.13814 

.197240 

1.46461 

0.0265625 

13.13715 

172.5848 

.348956 

4.58428 

0.0046875 

4.43715 

19.6883 

.020799 

.092289 

0.0046875 

15.4758 

239.5003 

.072543 

1.12266 

0.0265625 

6.775795 

45.91139 

.179982 

1.21952 

0.0265625 

12.89071 

166.1704 

.342409 

4.41690 

v*~ 

0.0046875 

4.190708 

17.56203 

.019644 

.082322 
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Table  A-2  (cont’d) 


XJ,  X2,  X3,  X4,  X5,  X5 

FSi 

FS? 

FSi*Pi 

FS|*Pi 

0.0046875 

16.12973 

260.1681 

.075618 

1.21954 

0.0265625 

7.388904 

54.5959 

.196268 

1.45020 

0.0265625 

13.12735 

172.3273 

.348695 

4.57744 

0.0046875 

4.386526 

19.24161 

.020562 

.090195 

0.0046875 

15.47697 

239.5365 

.072548 

1.12283 

0.0265625 

6.736144 

45.37563 

.178929 

1.20529 

0.0265625 

12.87975 

165.888 

.342118 

4.40640 

0.0046875 

4.138927 

17.13072 

.019401 

.080300 

0.0046875 

15.7023 

246.5623 

.073605 

1.15576 

0.0265625 

7.135262 

50.91196 

.189530 

1.35235 

0.0265625 

12.75962 

162.8078 

.338927 

4.32458 

0.0046875 

4.192576 

17.5777 

.019653 

.082396 

0.0046875 

15.06252 

226.8795 

.070606 

1.06350 

0.0265625 

6.49548 

42.19125 

.172536 

1.12071 

0.0265625 

12.51694 

156.6738 

.332481 

4.16165 

jT* >“■ 

0.0046875 

3.949901 

15.60172 

.018515 

.073133 

0.0046875 

15.74444 

247.8873 

.073802 

1.16197 

0.0265625 

7.125212 

50.76865 

.189263 

1.34854 

•4-y— jf— 

0.0265625 

12.78383 

163.4262 

.339570 

4.31101 

0.0046875 

4.164602 

17.34391 

.019522 

.081300 

jT" >“* jT* 

0.0046875 

15.10076 

228.0329 

.070785 

1.06890 

— 

0.0265625 

6.481533 

42.01027 

.172166 

1.11590 

♦  »  »  > 

0.0265625 

12J3967 

457.2434 

.333085 

4.17678 

>  »  >  »  > 

0.0046875 

3.920448 

15.36991 

.018377 

.072047 

Z  10.01371 

2112.4514 

The  final  results: 


E[FS]  =  10.01371  «  10.01 

E[FS^]  ^lJ[FS\*Pi )  =  1 12.45 13 

Var(FS)  =  E[FS^]  -  (ElFSjf-  =112.4513  -  (10.01371)^  =  12.176912 
Qps  =  3.48957  Vps  =  34.85% 

pnormal  =  (10.01-  1.0)  /  3.48957  =  2.58 


W1+  (0.3485) 
//n(l+  (0.3485)2) 


lognonnal 


»6.64 


Appendix  B 

Example  Overturning  Analysis 
Locks  and  Dam  No.  2,  Monolith  M-16 

The  cross-section  of  Locks  and  Dam  No.  2,  Monolith  M-16  is  illustrated  in 
Figure  B-1  in  Appendix  A,  page  A- 1  (maintenance  condition). 

Using  the  Simple  Method  to  calculate  the  overturning  stability,  the  random 

variables  and  their  statistical  properties  are  listed  in  Table  B-1. 


Table  B-1  Random  Variables  Used  in  Overturning  Analysis,  L&D  No.  2,  M16 


Variable 

Mean 

a 

V(%) 

Mean  +  a 

Mean -a 

/soil 

0.0755  kef 

0.003775 

5.0 

0.079275 

0.071725 

^soil 

33  deg 

3.3 

10.0 

36.3 

29.7 

Tcon 

0.15  kef 

0.0075 

5.0 

0.1575 

0.1425 

E 

0.25 

0.14435 

57.74 

0.39435 

0.10565 

Let  the  right  edge  of  the  base  be  the  rotating  point.  The  overturning  moment, 
Mq,  and  resisting  moment,  Mr,  can  be  expressed  as 

Mq  =  MpQQi  -I-  M^qiij^  +  Mj^pijjrj 

-  [(52.7)3- (19.5)3]  ^07^.17^25^  /r  4- 

6  2  3  soii^Q 

+  (19.5)(44.5)y,^,(44.5/2)  +y(l-£)(52.7-  19.5)(44.5)y^-L(44.5) 

=  1447.38  +  1180.08  -  szn<t>^o:7)+  2576.39  -  1369.67£ 

=  1180.08  isouO-  -  ^ini^soil)  “  1369.67£:  -I-  4023.77 

Mr  —  M^Qf^+  My^  +  M^q^ir 

=  34377.239  Yco/z+(52.7-19.5)(11.0)y^(11.0  /2+33.5)+ 1180.08  -  ^in^soil) 

—  34377.239  1180.08  y ~  +  890.175 

The  free  body  diagram  is  shown  on  Figure  B-2. 


Calculations 

Two  criteria  used  in  overturning  stability  analysis,  the  resultant,  Xg,  and  FS. 
The  is  defined  as 

Xr  =  m/N'  =  (Mr  -  Mo)fN' 
and  FS  =  Mr  IMq 

The  criteria  of Xr  are  X^  ^/3  (ftj,  Xg  >B/4  (pE/4),  Xg  >6/6  (Pe/s)  or  Xg  is 
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at  the  toe  fptoei.  The  criterion  of  FS  is  FS  >  1.0. 

Note  that 

=34377.239  1369.67£’— 3133.595  (kips.ft/ft) 

and  N  =  1568.671  y^on +  46. 17E- 77.575  (kips/ft)  (See  Appendix  A) 

— Taylor’s  Series  Method: 


=  0-8299  VXr  =  5.94% 

For  normal  distribution  of  Xj^: 

=  13.97/0.8299  =  16.83 
P5/6  =  (13.97-44.5/6)70.8299  =  7.90 
%4  =  (13.97-44.5/4)70.8299  =  3.43 
^ken  =  (13.97^.5/3)70.8299  =  -1.04 

Note  that  the  negative  value  of  Pytem  reflects  the  base  is  not  100%  in  compression. 
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FS 


E[FS]  =  EfMji]  /E[Mq]  =  6087.33/3721.92  =  1.6355 
^,^14377.239  ^9  2364 

^^con 


d  Z.C  _  (1180-0833)  (l-sm({)^^.p 
^%0ii  Ml 


=  -0.09176 


^  (  1 180.0833)  y^^.^cos<j).^(M^  M^) 


{1369.61)  Mj^ 


=  0.60188 


Var(FS)  =  [(9.2364)(0.0075)]2  +  [(-0.09176)(0.00375)]2  + 

+  [(0.012759)((3.37c/180)]2  +  [(0.601 88)(0.14435)]2 

=  0.004799  +  1.184x10’'^  +  5.400x10''^  +  0.007548 
=  0.012348 


— Point  Estimate  Method  (PEM) 

The  equations  used  in  PEM  are: 

E[Xr]  =  iFi  X^(±,±,±,.. +) 
ml]  =  I.PiXl  (±.±4:,..i) 
and  Var(XR)  ^EjXl  ]  ~  (E[X^j^ 
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where 

Pi  are  coefficients  of  point  values  of  and 

’•••—)  ^re  the  values  of  X/j  at  certain  points  at  which  the  Xi  have  val¬ 
ues  xi  ± 

The  equations  for  FS  are  similar  , 

For  the  given  problem,  let 

^1  =  ycon,  ^2  =  Isoib  ^3  =  ^4  =  notice  that  they  are  independent, 

then  Pi  -  1/2^  =  0.25  for  Xj^  and  Pi  =  yi^  -  0.0625  for  FS. 

The  calculation  results  see  tables  B-2  and  B-3. 

Table  B-2.  Reliability  Index  Calculation  Results  of  Overturning  Analysis  for 
Locks  and  Dam  No.  2,  Monolith  M-16,  Maintenance  Condition— Xr 


Xp  X4 

Pi 

Xr4 

+,+ 

0.25 

15.02952 

225.8864 

0.25 

14.04262 

197.1953 

+  “ 

0.25 

13.91062 

193.5053 

0.25 

12.66197 

160.3254 

2  55.64473 

2:776.9124 

The  final  results  of 

E[XjQ  =i:(Xj^fP^)  =  PjlXj^i  =  (55.64473)(0.25)  =  13.9112 
E[Xr^]  ='L(Xl  i*Pi )  =  =  (776.9124)(0.25)  =  194.2281 

Var(XR)  =  E[Xr^]  -  (EfX^jf-  =194.2281  -  (13.9112)^  =  0.7071 
Ops  =  0.84089  Vps  =  6.04% 

PC%  =  3Xr/R(100)  =  3(13.91)(100)/(44.5)  =  93.78% 

For  normal  distribution  of  X^: 

^toe  -  13.91/0.8409  =  16.54 

=  (13.91-^.5/6)70.8409  =  7.72 
^bi4  =  (13.91-44.5/4)/0.8409  =  3.31 


P/ten  =  (13.91^.5/3)70.8409  =  -1.10 
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Table  B-3.  Reliability  Index  Calculation  Results  of  Overturning  Analysis  for 
Locks  and  Dam  No.  2,  Monolith  M-16,  Maintenance  Condition — ^FS 


Xj,  X2,  X3,  X4 

Pi 

FSi 

FSi 

0.0625 

1.800997 

3.243589 

—  +,+,+ 

0.0625 

1.654578 

2.737628 

+-,+,+ 

0.0625 

1.801824 

3.246571 

——.+5+ 

0.0625 

1.655254 

2.739867 

+,+-,+ 

0.0625 

1.798948 

3.236212 

0.0625 

1.652903 

2.732090 

0.0625 

1.799966 

3.239877 

0.0625 

1.653736 

2.734842 

0.0625 

1.619195 

2.621793 

0.0625 

1.487557 

2.212825 

0.0625 

1.619770 

2.623655 

0.0625 

1.488009 

2.214172 

0.0625 

1.617771 

2.617182 

0.0625 

1.486435 

2.209489 

0.0625 

1.618479 

2.619473 

»  >  » 

0.0625 

1.486993 

2.211147 

S  26.242415 

243.240412 

The  final  results: 


E[FS]  ='L(FSi*Pi)  =  Pi^Sf  =(26.242415)(0.0625)  =  1.64015 
E[FS^J  -lL{FS\*Pi )  ~Pi  =  (43.240412)(0.0625)  *  2.702525 
Var(FS)  =  E[FS^]  -  (E[FS]f-  =2.702525  -  (1.64015)^  =  0.012433 
aFs  =  0.1115  Vfs  =  6.80% 

Pnomal  =  (1-64-  1.0)  /  0.1115  «  5.74 


^lognormal 


ln(r  1 

W1+  (0.068)^; 

V//i(l+  (0.068)2) 
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